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Abstract

:

Sleep and Attention-Deficit/Hyperactivity Disorder (ADHD) have repeatedly been found to be associated with each other. However, the ecological validity of daily life studies to examine the effect of sleep on ADHD symptoms is rarely made use of. In an ambulatory assessment study with measurement burst design, consisting of three bursts (each 6 months apart) of 18 days each, 70 German schoolchildren aged 10–12 years reported on their sleep quality each morning and on their subjective ADHD symptom levels as well as their sleepiness three times a day. It was hypothesized that nightly sleep quality is negatively associated with ADHD symptoms on the inter- as well as the intraindividual level. Thus, we expected children who sleep better to report higher attention and self-regulation. Additionally, sleepiness during the day was hypothesized to be positively associated with ADHD symptoms on both levels, meaning that when children are sleepier, they experience more ADHD symptoms. No association of sleep quality and ADHD symptoms between or within participants was found in multilevel analyses; also, no connection was found between ADHD symptoms and daytime sleepiness on the interindividual level. Unexpectedly, a negative association was found on the intraindividual level for ADHD symptoms and daytime sleepiness, indicating that in moments when children are sleepier during the day, they experience less ADHD symptoms. Explorative analyses showed differential links of nightly sleep quality and daytime sleepiness, with the core symptoms of inattention and hyperactivity/impulsivity, respectively. Therefore, future analyses should take the factor structure of ADHD symptoms into account.
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1. Introduction


People with attention deficit/hyperactivity disorder (ADHD) have self-regulation difficulties and frequently experience symptoms of inattention, hyperactivity and impulsivity [1,2]. These problems concern around 3.4% of children worldwide [3]. With an ADHD diagnosis in childhood the probability of negative life outcomes concerning health, vocational, and social areas increases [4]. High self-regulation on the other hand is associated positively with academic achievement, healthy behaviors and interpersonal relationships [5]. Therefore, it seems necessary to understand antecedents and correlates of ADHD, to tailor practices for therapy or prevention and enhance self-regulation. Today, theory assumes that ADHD is caused by a combination of biological, psychological, and social factors [2]. However, the question how daily life circumstances affect individuals’ ability for attention and regulation of behaviour has only scarcely been researched. The study at hand therefore investigates how ADHD symptoms in a general population sample of German schoolchildren are associated with sleep. Thereby, variance cannot only be found with help of clinical samples but also in a general population sample, since people differ in their ability to self-regulate and most people experience at least some ADHD symptoms from time to time.



1.1. Dimensionality of ADHD Symptoms


Current theories define self-regulation as dimensional in nature. According to this dimensional view, every person lies on a continuum between two extreme poles of high ADHD symptoms on the one side and high self-regulation in behaviour on the other side [6,7]. Taking that into account, children should not be categorised into those with an ADHD diagnosis and those without the disorder, but differ on the extent of their capability to self-regulate attention and behaviour [8]. Supporting that view, research has found that ADHD symptoms in the general population depict a normal distribution ranging from high attention and self-regulation of behaviour to extreme inattention, hyperactivity and impulsivity as well for children as for adults [9,10]. To depict the whole continuum of attention and self-regulation of behaviour, research should therefore consider differences in and correlates of ADHD symptomatology in a general population sample instead of applying group comparisons.




1.2. Fluctuations in ADHD Symptomatology


Recent findings suggest that differences in self-regulation do not only exist between individuals (interindividual; between-person) but ADHD symptoms also fluctuate within individuals (intraindividual; within-person) [11]. Ambulatory assessment studies are the golden standard to capture these moments of high and low symptomatology [12]. Thereby, participants indicate their current experiences repeatedly, for example several times per day on a digital device, like smartphones or tablets [13]. Self-regulation capacities and ADHD symptoms fluctuate highly in the daily lives of children with and without ADHD diagnosis over days and weeks [14,15]. These fluctuations as well as their preceding and following events need to be investigated more thoroughly to better understand the disorder. Indicating which events and experiences lead to better self-regulation of cognition (i.e., attention) and behaviour (i.e., impulsivity) could help to improve the daily lives of people with high levels of ADHD symptoms [16]. One phenomenon which has been shown to be associated to cognitive and behavioural measures like executive functions and therefore might also be related to ADHD symptoms is sleep [17].




1.3. Importance of Sleep


Sleep is an important factor for cognitive and psychological functioning in daily life [18]. Sleep is defined as a state with highly diminished consciousness and responsiveness, while brain activity can still be high [19]. It is assumed that this brain activity is crucial for memory construction as well as restoration of body and brain tissue. Lack of sleep might thus impair emotion regulation and cognitive functions [20]. Therefore, it has often been hypothesized that sleep might also impact the capability to self-regulate ones’ behaviour and thereby influence symptoms of inattention, hyperactivity, and impulsivity e.g., [21].




1.4. The Relation between Sleep and ADHD Symptomatology


According to the state regulation model, children with sleep loss might not have the energy to adequately regulate their arousal and activation [22]. A few studies have implemented sleep restriction and extension experiments, where children followed a strict sleep schedule including significantly less or more sleep than their average sleeping hours. When seven- to eleven-year-old children slept one hour shorter than usual, their teachers described them as less emotionally stable and more hyperactive/impulsive. In the opposite condition, when children slept one hour longer than normally, they were rated as more alert and showed more emotional stability [23]. In another study implementing a similar intervention of sleep restriction, this intervention functioned as a moderator of response inhibition and self-regulation in preschool children. With normal sleep schedules, children who showed higher response inhibition applied more self-regulation strategies while playing with an unsolvable puzzle. After the sleep restriction, no association between response inhibition and self-regulation strategies was found [24]. Given this empirical evidence, consequently longer or better sleep should have positive consequences on childrens’s self-regulation. When parents of five to twelve year old children with an ADHD diagnosis received a behavioral sleep intervention, which consisted of psychoeducation concerning sleep hygiene practices and standardised behavioural strategies, ADHD symptom levels of the children six months later showed a significantly greater decrease than those of a control group [25]. These findings indicate that there might be an effect of sleep on the ability for attention and self-regulation of behaviour on the between-person level. Thus, children sleeping more and better than others might experience less ADHD symptoms. However, while restricting or extending individuals’ sleep under laboratory conditions mirrors typically occurring, intraindividual fluctuations of sleep quality in daily life, to our knowledge no study has explicitly investigated the intraindividual associations between sleep and ADHD symptoms in daily life up to now. Intraindividual fluctuations describe the changes which happen within an individual, for example a child might sleep very good in one night and experience bad sleep in the next. This has to be distinguished from interindividual differences, the between-person difference, where one child has in general better sleep than the other. Both, inter- and intraindividual differences should be considered when investigating the effect of sleep on ADHD symptoms.



Besides the quality of night sleep, which might influence the regulation of attention and behaviour, there also might exist an effect of the current personal experience of tiredness during a specific moment of the day. Although this might seem paradoxical, children who are feeling sleepy could be more instead of less active than usual, as it indeed has been described by many parents [26]. The feeling of sleepiness might therefore lead to more hyperactive and impulsive symptoms. This observation can also be explained with support of the state regulation model: the evaluation mechanism of the individual might register a state of underarousal due to sleepiness, and therefore react with an enhanced hyperactivity/impulsivity [22]. The state of tiredness might also interfere with attention, since children do not possess the energy to regulate their cognition and behaviour adequately. Thus, it is important to examine the daily life of individuals to disentangle how natural fluctuations in sleep quality and tiredness during the day interact with the fluctuations of ADHD symptoms.




1.5. Measurement of Sleep


The overarching construct of sleep seems to be composed of several different sleep indicators like sleep duration, sleep efficacy, or sleep quality. These indicators in turn might be measured by calculating the hours of total sleep time, the number of awakenings, the time needed to fall asleep (sleep onset latency), and the subjective feeling of being rested in the morning [27]. All of these indicators might thereby be related to other aspects of human functioning. Past research has for example found groups of children with and without ADHD diagnosis to differ in sleep onset latency (the time needed to fall asleep) and sleep efficiency but not in the number of awakenings during the night or the actual hours of being asleep [28]. Sleep onset latency has been found to be related to night awakenings, deeper sleep, subjective sleep quality and longer sleep [29]. This would make sleep onset latency an economical and short indicator of sleep quality in general.



Another aspect of sleep is the feeling of being tired or sleepy during the day. According to a meta-analysis, this daytime sleepiness has shown higher correlations to school performance than sleep quality and sleep duration [30]. This indicates that feelings of sleepiness might be partly independent from the actual sleeping time but still have an impact on self-regulation [26]. Consequently, researchers should be aware of these different parameters when deciding for an index to measure sleep.




1.6. The Current Study


Considering the above-described research, we were interested in examining how self-reported nightly sleep quality, sleepiness over the day, and ADHD symptoms interact with each other on a between- as well as a within-person level in the daily life of German schoolchildren. ADHD symptomatology was defined on a dimensional level, therefore a general population sample was gathered to depict as much variance in the construct as possible. To account for fluctuations in the measured constructs, ambulatory assessment was used. Both constructs were examined through self-report. Sleep quality was defined by a combination of sleep onset latency and subjective sleep quality. Daytime sleepiness was assessed through indication of the activation level. In the current study, 10–12-year-old children were asked to report on their sleep, sleepiness, and ADHD symptoms on 18 consecutive days. These assessment periods were repeated three times, each time half a year apart, resulting in a maximum of 54 days of assessment. Such an ambulatory assessment not only decreases memory bias, but also ensures a high ecological validity [12], and allows to determine both, interindividual differences between the children, as well as intraindividual fluctuations over time.



Building on the state regulation theory as well as on previous findings about the relationship of sleep and ADHD symptoms, we expected the following effects: we predicted a negative relationship between self-rated night sleep quality and self-rated ADHD symptoms on (1) the between-person level across all assessments, and (2) on the within-person level (relation between prior night sleep quality and following day ADHD symptoms). ADHD symptoms should be higher for children who on average sleep worse than other children (interindividual difference), and be higher after a night of worse sleep than a child usually has (intraindividual fluctuation). Further, we expected a positive relationship between self-rated daytime sleepiness and self-rated ADHD symptoms (3) on a between-person level across all assessments, as well as (4) on a within-person level. Children who are sleepier in general are supposed to experience more ADHD symptoms (interindividual difference), and in moments when a child is more tired than usual it is expected to indicate more symptoms (intraindividual fluctuation).





2. Method


Data was collected within the research project “Adaptive dynamics of cognitive and behavioral variability in children with symptoms of attention deficit /hyperactivity disorder (AttentionGO!)”, an intensive longitudinal study which was conducted at the Department of School Psychology at the University of Tübingen in cooperation with the Goethe University, Frankfurt. The project was funded by the German Research Foundation (project number GA 1277/9-1) and approved by the ethics committee of the German Society for Psychology (DGPs, CG 102018_amd_112013). The Ministry of Culture, Youth, and Sport in Baden-Württemberg, Germany, approved recruitment in schools (file number 31-6499.20/1087). The present study refers to three measurement bursts (each lasting 18 days), which took place between autumn 2017 and autumn 2018.



2.1. Participants


Participants were recruited in seven schools in southern Germany (n secondary school = 5, n community school = 2). The sample consisted of a total of 70 pupils in grade 5 (55.71 % female). The age range of the children at the beginning of the study period was 10 to 12 years (M = 10; 9 years, SD = 5.7 months). Eight of the participating children had a diagnosis of ADHD, all of them were receiving medical treatment. Exclusion criteria consisted of psychological health (no other diagnosed psychological disorder than ADHD). Figure 1 shows the recruitment process and retention of the participants throughout the study period. Parents and children learned about the possibility to participate in the project through presentations at their respective schools and registered via school. Participation was voluntary and only possible with the written consent of the children and their parents. Participants could end their participation in the study at any time without giving reasons. As compensation for their participation, each family received a voucher worth 40€ for an excursion of their choice (e.g., swimming pool, zoo).



In order to prevent any conclusions regarding personal data, all collected data was pseudonymised and stored in a password-protected manner on internal servers of the University of Tübingen. The participating persons were informed about the type of data storage, the handing over of data on request and the deletion of data in accordance with the Basic Data Protection Regulation (DSGVO).



Procedure


For the length of each 18-day survey period, the participating children were given a smartphone (Motorola MotoG4plus©). Children were trained in school to use the smartphones and fill out the daily questionnaires. It was made sure that all items and instructions were understood by the participants. Each survey period started on a Wednesday and we used a time-contingent sampling method. Smartphones rang three times a day (i.e., in the morning directly after getting up, in the afternoon after school, and in the evening before going to bed) within specific time ranges which were adapted according to individual schedules of the participants. Assessment times could vary on weekends to better fit into the lives of the children. After the signal, children had up to 30 min to participate, otherwise the occasion was indicated as missing. Children were asked to give information about their current ADHD symptoms as well as their current feeling of sleepiness on all three assessment moments per day and to indicate their sleep quality during the prior night in the morning measurement directly after getting up.



The study protocol of the ambulatory assessment phase was similar for all three bursts, which were administered approximately half a year apart. However, within the project an intervention to enhance self-regulation was conducted before Burst 2. Children were assigned to one of two groups, with the experimental group receiving the full intervention and the control group receiving a reduced intervention. Both groups showed slight improvement in their self-regulation with no significant difference between the groups [14].





2.2. Measures


The ambulatory assessment design poses specific challenges to the scales which are used within scientific studies. First, their wording has to be in such a way that repetitive assessment actually captures fluctuations in the concepts. Therefore, in the current projects all instructions included the phrase “Since the last time I filled in the form…”. Second, participant burden is already very high due to a long study period. Consequently, scales have to be as short as possible to minimize disruption of the daily life of participants and keep compliance rates as high as possible. To account for these concerns, all scales used in the present study were tested in a pilot study. Only items which proved to depict substantial variance were included in the study. Additionally, we tried to apply broad questionnaires, to assess as many research questions as possible without excessive extension of each assessment occasion. In the following, we will describe the adapted items which are relevant for our research questions.



2.2.1. ADHD Symptoms


Four items of the children self-report version of the Conners C3-AI Scales [31] on attention and behaviour were modified for daily recording (“Since the last time I filled in the form I talked too much.”; “Since the last time I filled in the form I forgot what I was supposed to do.”; “Since the last time I filled in the form I had too much energy to sit still.”; “Since the last time I filled in the form I could hardly concentrate.”). The self-report scales are suited for children of eight to 18 years of age [31]. The children indicated on a Likert scale how much the statements applied to them since the last assessment (1 = not at all to 6 = exactly). High values therefore expressed high ADHD symptom levels. To obtain an ADHD score for each measurement time point, we calculated averages across all four items for each moment the child answered at least three of the four items. We computed multilevel reliability estimates using generalizability theory analyses [32] to determine the reliability of these scores to capture individual differences (between-person reliability RKF; 0.98–0.99) (As initial sighting of the data indicated that there might be substantial differences in children’s ADHD symptom levels between bursts we computed the reliability estimates for the ADHD scale separately for each burst), as well as day-to-day fluctuations in symptom levels (within-person reliability RC; 0.61–0.69). Multilevel reliability estimates for only afternoon assessments was 0.93–0.97 (between-person), and 0.59–0.70 (within-person). Additionally, we checked for validity by comparing our modified version of the Conners scales for the ambulatory assessment with the standardized measures (without modification) of the Conners ADHD index score that the children filled out in school before each burst. Mean ADHD scores from daily assessment within each study burst are associated weakly but significantly with the child’s ADHD index score, assessed at the beginning of each measurement burst, respectively. More specifically, there was a weak correlation for Burst 1, r(53) = 0.47, p < 0.001, for Burst 2, r(41) = 0.31, p = 0.040, and for Burst 3, r(34) = 0.42, p = 0.011, indicating that higher mean ADHD scores from daily assessment within each study burst were associated with higher ADHD index scores. Therefore, we concluded that the modified ADHD scales were valid to measure the construct we intended.




2.2.2. Sleep


The items for self-report of subjective sleep quality were adapted from the study by Könen and colleagues [33]. Children rated their sleep quality of the previous night on a Likert scale from one (poor) to six (good). The time taken to fall asleep was also recorded on a Likert scale from one (long) to six (not long). Thus, a high value of the duration of falling asleep indicated that children fell asleep quickly. To calculate a sleep quality score, the average of both items was computed, with higher scores indicating better night sleep quality. Between-person reliability for this score was 0.97, and within-person reliability was 0.54.




2.2.3. Daytime Sleepiness


To indicate their current affect, children filled out a slightly modified and shortened version of the Multidimensional Mood Questionnaire MDMQ [34]. Eight items were answered on individual 6-point Likert scales. The daytime sleepiness was calculated by averaging the following two items: (1.) “At the moment I feel tired (1) or well rested (6)” and (2.) “At the moment I feel sleepy (1)—awake (6)” Between-person reliability for this score was 0.99, and within-person reliability was 0.81.





2.3. Statistical Analysis


All analyses for the current research question were preregistered (Doi:10.17605/OSF.IO/T9XEA, https://archive.org/details/osf-registrations-t9xea-v1, submission: 8 December 2021). The data was processed and analysed with help of the programme R [35] version 4.1.1., using the nlme package (version 3.1.-153) to conduct multilevel regression analyses. To analyze between- and within-person associations between children’s night sleep quality and ADHD symptom levels the following day (Hypothesis 1 and 2), we used a multilevel model including a random intercept and random slopes for time and within-person fluctuations in sleep quality e.g., [36]. Due to the specific assessment design, we used several time variables. Data is nested within bursts, which were administered each half a year apart. To account for this nested structure and possible trends in missing data, variables were included to account for the 18 days within each burst and the respective differences in results of Burst 2 and Burst 3 compared to Burst 1. We expected missing data to be higher on weekends and additionally assumed differences in sleep quality between weekends and weekdays. Therefore, we included weekend as a control variable into the models. For this specific analysis, we paired night sleep quality ratings assessed in the morning and rating of ADHD symptom levels assessed the following afternoon. To avoid biased results just due to extreme individual reports of either night sleep quality, or ADHD symptom levels on certain days, we considered data points that lie three standard deviations above or below a participant’s individual mean across time as outliers and excluded them from all data analyses. To differentiate the effects of within-person fluctuations from trait-like individual differences in sleep quality, we split the raw scores into two components: a between-person component indicating individual i’s trait-like tendency for better/worse sleep than other individuals (this between-person component was calculated by subtracting the sample’s grand mean from each person mean (a) participants average across all study days). The grand means for all variables of interest (Table 1) were obtained by calculating the average of all person means, and a within-person component indicating individual i’s tendency on day t to have slept better/worse than usual. To facilitate the interpretation of results and comparison of within- and between-person effects, we divided the predictor (within-person fluctuations and between-person differences in sleep quality) by the between-person standard deviation across the study period to identify small, moderate, and large effect sizes in standard deviation units [37]. Based on previous findings, we included gender, age and ADHD medication as control variables in the model without specific hypotheses. Equation (1) describes the full model tested:


ADHDit = (γ00 + u,i0) + (γ01 + ui,1) Timeit + γ02 SleepBi + (γ03 + ui2) SleepW it + γ04 Weekendit + γ10 Burst2it + γ11 Burst2it × Timeit + γ12 Burst2it × SleepBi + γ13Burst2it × SleepW it + γ14 Burst2 it × Weekendit + γ20 Burst3it + γ21 Burst3it × Timeti + γ22 Burst3it × SleepBi + γ23 Burst3it × SleepWit + γ24 Burst3 it × Weekendit + γ30 Genderi + γ31 Agei + γ32 Medicationi + εit



(1)







Using this equation, we tested whether the following fixed effects differ from 0:



(a) an intercept, γ00, representing the average level of ADHD symptoms on study day 1 during Burst 1;



(b) an average linear time trend, γ01, indicating the change in ADHD symptom levels over the 18 study time days during Burst 1, centered on Day 1;



(c) the between-person effect of sleep quality during Burst 1, centered at the sample’s grand mean in sleep quality across all three bursts, γ02, indicating the difference in ADHD symptom levels for participants with better sleep quality of one unit (i.e., one between-person standard deviation in sleep quality), compared to the typical participant’s sleep quality;



(d) the within-person effect of sleep quality during Burst 1, centered at the participant’s personal mean in sleep quality across all three bursts, γ03, indicating the change in ADHD symptom levels on days following night with better sleep of one unit (i.e., one between-person standard deviation in sleep quality) than the participant’s usual level in sleep quality;



(e) the weekend effect, γ04, indicating the mean difference in ADHD symptom levels on weekend days (i.e., Saturday and Sunday; coded 1), and school days (i.e., Monday to Friday; coded 0);



(f) the difference in the mean level of ADHD symptoms on study day 1 in Burst 2 (coded 1) compared to Burst 1 (coded 0), γ10;



(g) the difference in the average linear time trend in Burst 2 (coded 1) compared to Burst 1 (coded 0), γ11;



(h) the difference in the between-person effect of sleep quality in Burst 2 compared to Burst 1, γ12;



(i) the difference in the within-person effect of sleep quality in Burst 2 compared to Burst 1, γ13;



(j) the difference in the weekend effect in Burst 2 compared to Burst 1, γ14;



(k) the difference in the mean level of ADHD symptom on study day 1 in Burst 3 (coded 1) compared to Burst 1 (coded 0), γ20;



(l) the difference in the average linear time trend in Burst 3 (coded 1) compared to Burst 1 (coded 0), γ21;



(m) the difference in the between-person effect of sleep quality in Burst 3 compared to Burst 1, γ22;



(n) the difference in the within-person effect of sleep quality in Burst 3 compared to Burst 1, γ23;



(o) the difference in the weekend effect in Burst 3 compared to Burst 1, γ24;



(p) the effect of children’s gender, γ30, indicating the mean difference in ADHD symptom levels between boys (coded 1), and girls (coded 0);



(q) the effect of children’s age, γ31, indicating the difference in ADHD symptom levels for older participants of one unit (month);



(r) the effect of ADHD medication, γ32, indicating the mean difference in ADHD symptom levels between children receiving ADHD medication (coded 1), and children not receiving ADHD medication (coded 0).



The model in Equation (1) also tested whether the following between- and within-person random effects differ from 0:



(s) u0i captures how much a particular participant deviates from the average intercept (i.e., random intercept);



(t) u1i captures how much a particular participant deviates from the average time slope (i.e., random time slope);



(u) u2i captures how much a particular participant deviates from the average within-person effect (i.e., random sleepiness slope);



(v) εit indicates how much a particular participant’s ADHD symptom levels on a gives study time point deviates from the value predicted by their person-specific regression line (i.e., residual error).



We allowed for a maximal random effects structure with covariances of all random effects. To account for the intensive longitudinal data structure, we modeled time dependence of the residuals with a first-order autoregressive structure AR1; e.g., [36]. Model analyses were conducted with restricted maximum likelihood estimation and a probability level of p < 0.05 to indicate significance of effects based on t-values of each model coefficient.



Likewise, we tested the between- and within-person associations between children’s daytime sleepiness and their ADHD symptom levels (Hypothesis 3 and 4), using children’s sleepiness and ADHD symptom ratings collected three times a day—that is, on up to 54 study time points per burst—with between-person differences and within-person fluctuations in daytime sleepiness rather than sleep quality as predicting variable within the regression model.





3. Results


3.1. Descriptive Results


The number of possible observations was calculated by multiplying 18 days with 3 bursts for all 55 children that were recruited in November 2017 and with 2 bursts for the 15 children that started with the study in April 2018. This procedure ensured that those participants who were newly recruited for the second burst, were not inflating the dropout rate. Thus, there were up to 3510 observations of night sleep quality possible. As daytime sleepiness and ADHD symptom levels were assessed three times a day, this results in up to 10,530 observations, respectively. Data on night sleep quality was collected 2051 times, resulting in a participation rate of 58%, while data on daytime sleepiness was collected 5799 times (55%). In total, data on ADHD symptom levels was collected 5733 times (54%), with 1669 observations collected in the afternoon (48% of all possible observations in the afternoon).



Before further data analyses, 36 night sleep quality, 21 daytime sleepiness and 110 ADHD symptom level observations were excluded due to being defined as outliers. When only considering ADHD symptom level in the afternoon, 132 observations had to be excluded.



Within each study burst, missing values were more likely to occur on weekends compared to school days by up to 68% (Burst 1: Odds Ratio (OR) = 1.38, 95% CI [1.14, 1.67], Burst 2: OR = 1.68, 95% CI [1.40, 2.01], and Burst 3: OR = 1.43, 95% CI [1.17, 1.76]). Moreover, with each day within a study burst the likelihood for missing values increased by up to 6% compared to the previous day (Burst 1: OR = 1.06, 95% CI [1.04, 1.08], Burst 2: OR = 1.06, 95% CI [1.04, 1.07], and Burst 3: OR = 1.04, 95% CI [1.02, 1.06]).



Mean self-report of ADHD symptom levels in the sample was relatively low (M = 1.52, SD = 0.50; only afternoon: M = 1.62, SD = 0.60). Children reported medium to high sleep quality (M = 4.58, SD = 0.82). Most variance was indicated for daytime sleepiness (M = 2.68, SD = 0.98). Table 1 lists descriptive statistics of all constructs utilized for testing of hypotheses. The intraclass correlation coefficients (ICC) indicate how much of the total variance can be explained by variance on the interindividual level. Thus, around 44% of the variance in ADHD symptom levels can be explained by interindividual differences. Consequently, around 56% of the variance is composed of intraindividual fluctuations and measurement error.



Fluctuations of the variables can be inspected more thoroughly in Figure 2 for night sleep quality and in Figure 3 for daytime sleepiness. For sleepiness, the graph indicates higher values in the mornings as the evenings, as would be expected in normal circadian rhythms.




3.2. Multilevel Analyses


3.2.1. Association of Night Sleep Quality and ADHD Symptoms


To assess the association of sleep quality during the preceding night and ADHD symptoms during the school day, multilevel models were conducted. As can be seen in Table 2, we found no significant associations between night sleep quality and ADHD symptom levels during the initial study burst, neither on the interindividual nor on the intraindividual level. This did not change during the subsequent bursts, except for a significant increase in the between-person association of night sleep quality and ADHD symptom level in Burst 2 compared to Burst 1 (γ12 = 0.18 (SE = 0.08), p = 0.03), which almost annulated a non-significant trend for this between-person association in Burst 1 (γ02 = −0.16 (SE = 0.09), p = 0.07). However, we found that ADHD symptoms decreased significantly during Burst 1 (γ01 = −0.27 (SE = 0.13), p = 0.04), with no significant changes in within-burst decrease rates across bursts. Also, children reported significantly lower ADHD symptom level at the beginning of Burst 3 compared to Burst 1 (γ01 = −0.25 (SE = 0.11), p = 0.02). The random intercept showed to be significant in the analyses, indicating significant differences in children’s initial ADHD symptom levels.




3.2.2. Association of Daytime Sleepiness and ADHD Symptoms


Similarly, to test for the association of self-reported daytime sleepiness and ADHD symptoms at the same time, we likewise calculated a multilevel model (Table 3). No effect of daytime sleepiness on ADHD symptoms can be seen on the interindividual level in the initial study burst. Again, we found a significant change in the between-person association of daytime sleepiness and ADHD symptom levels in Burst 2 compared to Burst 1 (γ12 = −0.12 (SE = 0.06), p = 0.04), which almost annulated a non-significant trend for this between-person association in Burst 1 (γ02 = −0.16 (SE = 0.10), p = 0.11). However, the data indicated a negative within-person association of daytime sleepiness and ADHD symptoms in the initial study burst (γ02 = −0.04 (SE = 0.02), p = 0.01), with no significant changes in the subsequent bursts. This result suggests that in moments when participants felt more tired during the day they indicated less ADHD symptoms, therefore contradicting our hypothesis. Also, we again found significant decreases in ADHD symptom levels throughout each study burst, as well as overall decreased symptom levels at the beginning of Burst 2, and Burst 3, compared to Burst 1, respectively. Regarding our control variables, we found increased ADHD symptom levels in children receiving ADHD medication, which overlaps with an ADHD diagnosis in our sample.



Significant effects were found for the random intercept and both random slopes, implying substantial variance in children’s initial ADHD symptom levels, variance in symptom level change within bursts, and variance in the size of the within-person association of ADHD symptom levels and daytime sleepiness.





3.3. Explorative Post-Hoc Analysis


After conducting all planned and pre-registered analyses, we decided to investigate children’s ADHD symptom levels separately for symptoms of inattention and symptoms of hyperactivity-impulsivity. As we will argue in the discussion section, these core dimensions of ADHD might show a unique and discriminative link to markers of sleep quality in everyday life. To this end, we conducted two separate scores for children’s levels of inattention (“Since the last time I filled in the form I forgot what I was supposed to do.”; “Since the last time I filled in the form I could hardly concentrate.”), and levels of hyperactive-impulsive behavior (“Since the last time I filled in the form I talked too much.”; “Since the last time I filled in the form I had too much energy to sit still.”), and reran our analysis in correspondence to the procedure described above, however, with separate multilevel models for levels of inattention, and hyperactive-impulsive behavior. The complete results of these post-hoc analyses are added to the appendix (Table A1 and Table A2). In summary, regarding our initial inter- and intraindividual hypotheses, we found the following results with respect to the association of night sleep quality and inattention: (a) a negative between-person association between children’s night sleep quality and levels of inattention the following day in Burst 1—that is, children who sleep better than others report to have lower levels of inattention—but the size of this association decreased significantly in Burst 2 compared to Burst 1, and in Burst 3 compared to Burst 1; and (b) a negative within-person association between children’s night sleep quality and levels of inattention the following day across all measurement bursts—that is, after sleeping better than usual, children report to have lower levels of inattention the following day. No inter- or intraindividual associations were found between night sleep quality and hyperactivity-impulsivity. Regarding the relationship between daytime sleepiness and inattention (c) a positive between-person association between children’s daytime sleepiness and levels of inattention in Burst 1—that is, children with higher levels of daytime sleepiness than others report higher levels of inattention—but the size of this association decreased significantly in Burst 2 compared to Burst 1, and in Burst 3 compared to Burst 1. There was no within-person association evident between daytime sleepiness and levels of inattention. For the core symptom of hyperactivity-impulsivity, we found (d) a negative within-person association to daytime sleepiness across all measurement bursts—that is, children report lower levels of hyperactive-impulsive behavior in moments of higher daytime sleepiness than usual. There was no between-person association evident between daytime sleepiness and levels of hyperactive-impulsive behavior.





4. Discussion


In the current study, we investigated the relationship of self-reported sleep variables and ADHD symptoms on a between- as well as a within-person level in German schoolchildren. With an intensive longitudinal study, applying a measurement burst design with ambulatory assessment, daily fluctuations in the constructs of sleep quality, daytime sleepiness and ADHD symptom levels were assessed. With this measurement approach we expanded the current literature on sleep and ADHD. In contrast to earlier studies, which compared groups of children with and without ADHD diagnosis, we defined ADHD symptoms on a dimensional level by using a general population sample, in line with current dimensional theories for the classification of psychological disorders [6]. Fluctuations in all constructs could be investigated further due to the repeated measurement. Finally, ecological validity was enhanced in comparison to laboratory studies by implementing ambulatory assessment in the daily life of participants with the help of smartphones.



Multilevel analyses did not confirm a relationship between sleep quality during the night and ADHD symptoms on the subsequent day on the inter- or the intraindividual level. Accordingly, we must reject our first two hypotheses, since we had expected a negative effect of sleep quality on ADHD symptoms within and between children. Although this is to our knowledge the first study to investigate the relationship of sleep and ADHD symptoms in (school) children’s daily lives, theory and previous research would have hinted to such a connection. State regulation theory implies that with worse sleep (inter- and intraindividually), children have less capacity for self-regulation and therefore show more ADHD symptoms [22]. Support for this has been found in earlier studies. For example, when their sleep was restricted for several nights within an experimental study, children experienced significantly more problems with alertness and emotional regulation [23]. In contrast to such an experimental study, where sleep restriction was externally exerted, children in our study seemed to have a relatively good night sleep and indicated an overall good sleep quality. With this lack of variance, it might have been difficult to find an effect of sleep quality on ADHD symptoms even if it was present. Additionally, earlier research findings are hinting to an effect in form of an inverted U shape of sleep on cognitive functioning, with too much sleep provoking a negative effect. After nights when children sleep either much less or much more than on average, they perform worse in a working memory task than after nights with their usual sleep length [33].



Similarly, we did not find an interindividual effect of subjective daytime sleepiness on ADHD symptoms. However, on the within-person level, we found a negative association between daytime sleepiness and ADHD symptoms. Our data implies that in moments when children feel more tired and sleepy during the day, they report less ADHD symptoms than when they feel more activated and awake. This finding is contrary to our hypothesized effect. It seems that children who are well rested also experience more energy to feel restless. One possible explication for the effect could lie in the timely structure of the study. Sleepiness and ADHD symptoms were measured three times a day. As Figure 2 shows, children indicated high sleepiness in the morning and evening but low sleepiness in the mid-day measurement. However, the time when self-regulation is most needed and therefore ADHD symptoms might be most easily detected is the time that children spend in school [14]. Therefore, it might be assumed that children were not actually able to inform about their ADHD symptoms at specific times of the day, since self-regulatory processes were not needed that strongly. In future studies, it might be interesting to examine the interaction of sleepiness and ADHD symptoms during the school day.



Especially interesting is the found effect of the three bursts on ADHD symptom levels. The findings indicate that in Burst 3 ADHD symptoms at the beginning of the burst are significantly lower than in Burst 1. In the second model, this effect can also be found for Burst 2, where children start lower than in Burst 1. The difference between the models results from the fact that in the first model only ADHD symptoms on the second moment at the middle of the day are considered. The second model uses all three indications of ADHD symptom levels on each day. Several possible explanations can be found for this effect of burst on ADHD symptom levels. The most obvious explanation might be an aging effect. Within the course of normal development, children get more attentive and learn to better self-regulate their behaviour. Therefore, symptoms of inattention and hyperactivity/impulsivity decrease with age [38,39]. Another possible cause for the effect might lie in the format of the study protocol. The study included an intervention after Burst 1, aiming at promoting self-regulatory behaviour. To this end, children were allocated to two different intervention groups (mental contrasting with implementation intentions vs. mental contrasting), with both groups showing similar improvement in self-regulation following the interventions [14]. As there were no differential intervention effects, we would not expect that the implementation of the intervention confounds the relationship between sleep quality and ADHD symptoms investigated in the current study. However, to reassure that results are not influenced by this experiment, we integrated the intervention as a control variable in a post-hoc analysis. None of the effects changed due to this additional variable as can be seen in Appendix B.



Another result we found is the significant decrease of ADHD symptoms within each of the bursts. In general, children reported significantly less symptoms at the end of the burst than in the beginning. This could be explained by an initial-elevation bias [40]. Independently of the topic of ambulatory assessment studies, self-reports are often higher in the first measurement timepoints and get more stable after a while. A support for this assumption in our data can be found in Figure 2 where higher values at the beginning of each burst are graphically depicted. It might be helpful to further investigate this effect and possibly conduct future analyses without the first few measurement timepoints.



In our original models, we integrated all three core symptoms of ADHD into one common factor to enhance the reliability of the scale. However, previous research has found that different ADHD subtypes might be associated with different sleeping patterns [17,41]. For our study this might imply that children feel less hyperactivity/impulsivity symptoms when they are tired but are at the same time more inattentive. Therefore, in an explorative post-hoc analysis, which was not preregistered, we individually examined the two ADHD symptom factors inattention and hyperactivity/impulsivity separately in models with nightly sleep quality and daytime sleepiness. We found a significant negative effect of night sleep quality on inattention on the inter- as well as on the intraindividual level. Thus, children who slept better on average indicated less inattentive symptoms in general and after a night when they slept better, children indicated less inattentive symptoms. Interestingly, the interindividual effect decreases in Burst 2 and Burst 3 respective to Burst 1. Furthermore, we found a positive interindividual effect between sleepiness and inattention; children who report in general to be more tired also report to experience more inattention. However, also this effect seems to be smaller in Burst 2 and 3 than in Burst 1. We did not find an intraindividual effect between sleepiness and inattention. For hyperactivity/impulsivity as the dependent variable, we solely found a significant negative intraindividual effect of sleepiness. Thus, in moments when children were sleepier, they indicated less hyperactive/impulsive symptoms. Other than that, no effect of sleep on hyperactive/impulsive symptoms was found.



These exploratory analyses incorporate some interesting insights into our data and the implications should be investigated more thoroughly in future research. To summarize, it seems that our hypotheses apply better for the inattentive factor of ADHD while hyperactivity/impulsivity seem not to be related to sleep and sleepiness as measured in our study, or even in the opposite direction than expected. These findings might reflect a general effect where sleep quality and sleepiness only affect attention. It might however also be an effect of the specific age group. People tend to grow calmer with age and are better able to self-regulate their behaviour with age. This effect has often been shown in ADHD research, where adults report less hyperactive/impulsive symptoms than children but still significant impairments in their attention [38]. Thus, children in our sample might already have outgrown the tendency to show more hyperactive/impulsive symptoms when they have slept badly or feel sleepier.



4.1. Limitations


Despite the numerous advantages the current study adds to the existing research literature, the study design also might incorporate specific drawbacks and potential for improvement.



In general, ambulatory assessment has great potential to capture daily fluctuations in ADHD symptoms and sleep of children. However, there is still a lack of adequately tested scales to use within this specific research design [32]. We tried to account for this by slightly modifying the scales and selecting only specific items which proved to show substantial variances within a pilot study. Nevertheless, future research might show that different scales are better suited to depict the fluctuations of ADHD symptoms and sleep in the daily life of schoolchildren.



Another drawback of ambulatory assessment always is the high participant burden which is put on the participants. Answering the same questions three times a day for 18 days in three different bursts is very exhausting, especially for children. Although we shortened the scales as much as possible, occasions with missing answers increased with time within each burst and many children dropped out of the study between the bursts. We tried to control for these dropouts and missing data by including burst, day within burst and weekend into the models. With compliance rates of 48–58% we received enough data to model inter- and intraindividual differences of the children. Still, future research should try to prevent this dropout effect by reducing burden and enhancing commitment of the participants.



Most obvious seems to be the question whether self-reports of sleep are a valid instrument to measure actual sleep quality in children. For measuring sleep, subjective and objective measurements all show their own advantages and drawbacks [17]. The utilization of polysomnography in sleep laboratories leads to well documented physical and neurological data but lacks ecological validity. Actigraphs can easily be worn at home in the participants’ natural environment but have their drawbacks in only measuring movement and therefore being fault-prone in indicating sleep. In sleep research with children, parent report is often used to gather information about quantity and quality of sleep, however, as children grow older and get more independent, parents’ might lose insight into their actual sleeping behaviour. Research with adults and adolescents is often relying on self-report measures of sleep. It has been found that children report more problems falling asleep and retaining sleep than their parents indicate [42]. Therefore, we were interested to see how children would self-report their quality of sleep in their daily life and how this data is related to other measures like self-reported ADHD measures [33].



Critics might object that participants of this age might lack the relevant introspection and humans in general might not be able to give valid reports of their sleep, given that the key feature of sleep is the lack of consciousness [19]. This limitation of the study should be integrated into future studies, which might use combinations of self-report with more objective measures like polysomnography or actigraphy [17]. In the current study, actigraphs were only administered throughout the day to minimize participant burden, therefore we had to rely on self-report of sleep quality during the night. This question of the amount of introspection for self-report in children of this age group might also apply the assessment of ADHD symptoms. Here as well, future research should compare these self-reports with more objective measures or parent- and teacher-rated scales to examine the validity of the children’s responses. However, since we found very high between-person reliability and high within-person reliability in our analyses, we figured the self-report scales to be adequate for the assessment of ADHD symptoms in the daily life of children.



Furthermore, we decided to measure sleep quality by combining self-reported sleep onset latency and subjective sleep quality. These constructs have shown to be related to other psychological factors in earlier studies e.g., [33] and depicted most variance in a pilot study. Given the already high participant burden in the study, questionnaires had to be as concise as possible. Other constructs indicating sleep should be investigated further. For example, the total hours of sleep could be examined [41,43]. Nevertheless, also this construct has its drawbacks, since sleep needs might differ between children. Also, number of awakenings during the night could be a good indicator of sleep. This construct however might be difficult to measure in self-report since people often do not remember their awakenings the next day.




4.2. Implications and Future Research


Although the current study did not confirm the hypotheses, it might bring new ideas and questions to the research area. A very positive finding is the fact that children in our general population sample indicated overall relatively high sleep quality and low ADHD symptoms throughout their daily lives. Comparing different methods to evaluate sleep quality might help to define which measurement might be related to other physiological and psychological constructs. The finding that ADHD symptoms seem to decrease over time, both between and within the bursts should be further examined. The first might be investigated in future research by further examining developmental changes throughout the lifespan. For the second, the initial elevation bias should be integrated more into the planning and evaluations of ambulatory assessment studies.



Since most items that were used in this project were originally developed for one-time assessment, an important goal for future research should be the development of well investigated questionnaires that can be used for daily measures, especially in self-report with children. These scales should prove to be valid, reliable, economic, minimally disruptive, not reactive, able to capture fluctuations in the daily experiences of participants, and ideally show accordance with objective measures [32]. Ambulatory assessment studies which can access such resources have the potential to capture important aspects of cognitive and behavioural functioning in humans.



Especially interesting for future research might be the results from our exploratory analyses. As we found that most of our hypotheses would have been confirmed, had we only considered the inattention factor of ADHD symptoms, this discrimination of the core symptoms in research should be pursued further.





5. Conclusions


In the current study we examined the association of sleep quality, daytime sleepiness, and ADHD symptoms in the daily life of German schoolchildren on an inter- and an intraindividual level. A significant negative intraindividual effect was found for daytime sleepiness on ADHD symptoms within participants, contrary to the hypotheses. Explorative analyses found significant effects of sleep and sleepiness on inattention on the inter- and the intraindividual level in the expected directions: Children who sleep better on average report less inattention; On days when children report better sleep, they indicate less inattention; And children who are sleepier on average during the day report more inattention. For hyperactivity/impulsivity we found an opposite effect to our expectations: in moments when children indicate to be sleepier during the day, they report less hyperactive/impulsive symptoms. We conclude that future research should preserve the advantages concerning ecological validity which the ambulatory assessment entails and possibly integrate it with the benefits that more objective measurements like actigraphy might add. Studies examining the precursors, correlations and effects of ADHD symptoms should split the construct in the two factors of attention and hyperactivity/impulsivity.
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Table A1. Multilevel model to test the between- and within-person association between children’s night sleep quality and ADHD symptom levels, separately for symptoms of hyperactivity-impulsivity and inattention, the following day.
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Hyperactivity-Impulsivity (n = 1436)

	
Inattention (n = 1438)




	
Fixed Effects

	

	
Estimate

	

	
SE

	
p

	
Estimate

	

	
SE

	
p






	
Burst 1

	

	

	

	

	

	

	

	

	




	
I Intercept: initial level

	
γ00

	
3.12

	

	
2.29

	
0.17

	
1.55

	

	
1.24

	
0.21




	
  Time slope a

	
γ01

	
−0.18

	

	
0.15

	
0.24

	
−0.28

	
*

	
0.12

	
0.02




	
  Night sleep quality, between-person differences

	
γ02

	
−0.15

	

	
0.12

	
0.25

	
−0.17

	
*

	
0.07

	
0.02




	
  Night sleep quality, within-person fluctuations

	
γ03

	
0.03

	

	
0.03

	
0.35

	
−0.06

	
*

	
0.02

	
0.01




	
  Weekend effect

	
γ04

	
−0.10

	

	
0.08

	
0.21

	
0.02

	

	
0.06

	
0.78




	
Change at Burst 2, compared to Burst 1

	

	

	

	

	

	

	

	

	




	
  Change in level

	
γ10

	
−0.007

	

	
0.14

	
0.96

	
−0.05

	

	
0.10

	
0.63




	
  Change in time slope

	
γ11

	
−0.48

	
*

	
0.23

	
0.04

	
−0.006

	

	
0.17

	
0.97




	
  Change in effect of night sleep quality (between-person)

	
γ12

	
0.14

	

	
0.10

	
0.20

	
0.23

	
**

	
0.07

	
0.001




	
  Change in effect of night sleep quality (within-person)

	
γ13

	
−0.06

	

	
0.05

	
0.23

	
0.05

	

	
0.04

	
0.15




	
  Change in weekend effect

	
γ14

	
0.13

	

	
0.12

	
0.31

	
−0.03

	

	
0.09

	
0.74




	
Change at Burst 3, compared to Burst 1

	

	

	

	

	

	

	

	

	




	
  Change in level

	
γ20

	
−0.32

	
*

	
0.15

	
0.03

	
−0.14

	

	
0.11

	
0.20




	
  Change in time slope

	
γ21

	
−0.28

	

	
0.25

	
0.25

	
0.20

	

	
0.18

	
0.26




	
  Change in effect of night sleep quality (between-person)

	
γ22

	
0.06

	

	
0.12

	
0.59

	
0.20

	
**

	
0.08

	
0.009




	
  Change in effect of night sleep quality (within-person)

	
γ23

	
−0.05

	

	
0.06

	
0.40

	
0.07

	

	
0.04

	
0.07




	
  Change in weekend effect

	
γ24

	
0.01

	

	
0.13

	
0.94

	
−0.09

	

	
0.10

	
0.37




	
Control variables

	

	

	

	

	

	

	

	

	




	
  Gender

	
γ30

	
0.20

	

	
0.20

	
0.32

	
0.02

	

	
0.11

	
0.82




	
  Age b

	
γ31

	
−0.009

	

	
0.02

	
0.61

	
−0.0003

	

	
0.01

	
0.97




	
  ADHD medication c

	
γ32

	
0.27

	

	
0.34

	
0.42

	
0.33

	

	
0.18

	
0.07




	
Random Effects & Covariances

	

	
Estimate

	

	

	
p

	
Estimate

	

	

	
pd




	
Level 2 (between-person)

	

	

	

	

	

	

	

	

	




	
  Intercept: initial level

	
SD(u0i)

	
0.77

	
***

	

	
<0.001

	
0.57

	
***

	

	
<0.001




	
  Time slope

	
SD(u1i)

	
0.004

	

	

	
0.77

	
0.46

	

	

	
0.37




	
  Sleep quality within-person fluctuations

	
SD(u2i)

	
0.06

	

	

	
0.77

	
0.04

	

	

	
0.96




	
  Intercept and time

	
r(u0i,u1i)

	
0.006

	

	

	
0.95

	
−0.80

	
***

	

	
<0.001




	
  Intercept and sleep quality fluctuations

	
r(u0i,u2i)

	
−0.44

	

	

	
0.18

	
−0.89

	
*

	

	
0.05




	
  Time and sleep quality fluctuations

	
r(u1i,u2i)

	
−0.02

	

	

	
0.84

	
−0.81

	

	

	
0.93




	
Level 1 (within-person)

	

	

	

	

	

	

	

	

	




	
  Residual

	
SD(εit)

	
0.90

	

	

	

	
0.65

	

	

	




	
  Autocorrelation

	
ρ

	
0.33

	
***

	

	
<0.001

	
0.27

	
***

	

	
<0.001








SE = standard error; SD = standard deviation; * p < 0.05, ** p < 0.01, *** p < 0.001. a Time is coded 0 = study day 1 within a measurement burst, 1 = study day 18 within a measurement burst, with equal intervals for the intervening study occasions. b We were not able to collect data on one child’s age. To avoid it falling out from data analysis, we set its age to the sample mean age. c We were not able to collect data on one child’s medication status. To avoid it falling out from data analysis, we assumed it was not receiving ADHD medication. d The respective p-values for the random effect estimates were obtained by testing in pairs a model that includes the parameter in question against a model missing just this parameter via likelihood ratio tests.
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Table A2. Multilevel model to test the between- and within-person association between children’s daytime sleepiness and concurrent ADHD symptom levels, separately for symptoms of hyperactivity-impulsivity and inattention.






Table A2. Multilevel model to test the between- and within-person association between children’s daytime sleepiness and concurrent ADHD symptom levels, separately for symptoms of hyperactivity-impulsivity and inattention.





	

	

	
Hyperactivity-Impulsivity (n = 5541)

	
Inattention (n = 5525)




	
Fixed Effects

	

	
Estimate

	

	
SE

	
p

	
Estimate

	

	
SE

	
p






	
Burst 1

	

	

	

	

	

	

	

	

	




	
I Intercept: initial level

	
γ00

	
2.63

	
*

	
1.32

	
0.05

	
1.19

	

	
1.03

	
0.24




	
  Time slope a

	
γ01

	
−0.19

	

	
0.10

	
0.05

	
−0.14

	

	
0.08

	
0.09




	
  Daytime sleepiness, between-person differences

	
γ02

	
0.04

	

	
0.12

	
0.71

	
0.27

	
**

	
0.09

	
0.002




	
  Daytime sleepiness, within-person fluctuations

	
γ03

	
−0.07

	
***

	
0.02

	
<0.001

	
−0.01

	

	
0.02

	
0.48




	
  Weekend effect

	
γ04

	
0.09

	
*

	
0.05

	
0.03

	
0.03

	

	
0.03

	
0.45




	
Change at Burst 2, compared to Burst 1

	

	

	

	

	

	

	

	

	




	
  Change in level

	
γ10

	
−0.19

	
*

	
0.07

	
0.01

	
−0.08

	

	
0.06

	
0.16




	
  Change in time slope

	
γ11

	
−0.31

	
*

	
0.12

	
0.01

	
0.18

	

	
0.11

	
0.10




	
  Change in effect of daytime sleepiness (between-person)

	
γ12

	
−0.006

	

	
0.08

	
0.94

	
−0.23

	
***

	
0.06

	
<0.001




	
  Change in effect of daytime sleepiness (within-person)

	
γ13

	
0.01

	

	
0.03

	
0.66

	
0.02

	

	
0.02

	
0.39




	
  Change in weekend effect

	
γ14

	
−0.12

	

	
0.07

	
0.09

	
−0.09

	

	
0.05

	
0.08




	
Change at Burst 3, compared to Burst 1

	

	

	

	

	

	

	

	

	




	
  Change in level

	
γ20

	
−0.38

	
***

	
0.08

	
<0.001

	
−0.12

	

	
0.06

	
0.06




	
  Change in time slope

	
γ21

	
−0.15

	

	
0.13

	
0.25

	
0.27

	
*

	
0.12

	
0.02




	
  Change in effect of daytime sleepiness (between-person)

	
γ22

	
0.08

	

	
0.08

	
0.35

	
−0.15

	
*

	
0.06

	
0.01




	
  Change in effect of daytime sleepiness (within-person)

	
γ23

	
0.02

	

	
0.03

	
0.44

	
0.04

	

	
0.02

	
0.06




	
  Change in weekend effect

	
γ24

	
−0.17

	
*

	
0.07

	
0.03

	
−0.01

	

	
0.06

	
0.81




	
Control variables

	

	

	

	

	

	

	

	

	




	
  Gender

	
γ30

	
0.06

	

	
0.12

	
0.64

	
−0.02

	

	
0.09

	
0.84




	
  Age b

	
γ31

	
−0.006

	

	
0.01

	
0.55

	
0.002

	

	
0.008

	
0.83




	
  ADHD medication c

	
γ32

	
0.69

	
***

	
0.19

	
<0.001

	
0.46

	
**

	
0.15

	
0.003




	
Random Effects & Covariances

	

	
Estimate

	

	

	
pb

	
Estimate

	

	

	
pd




	
Level 2 (between-person)

	

	

	

	

	

	

	

	

	




	
  Intercept: initial level

	
SD(u0i)

	
0.68

	
***

	

	
<0.001

	
0.46

	
***

	

	
<0.001




	
  Time slope

	
SD(u1i)

	
0.45

	
***

	

	
<0.001

	
0.46

	
***

	

	
<0.001




	
  Sleepiness within-person fluctuations

	
SD(u2i)

	
0.11

	
***

	

	
<0.001

	
0.08

	
***

	

	
<0.001




	
  Intercept and time

	
r(u0i,u1i)

	
−0.17

	

	

	
0.19

	
−0.61

	
***

	

	
<0.001




	
  Intercept and sleepiness fluctuations

	
r(u0i,u2i)

	
−0.93

	
***

	

	
<0.001

	
−0.29

	

	

	
0.17




	
  Time and sleepiness fluctuations

	
r(u1i,u2i)

	
0.02

	

	

	
0.84

	
0.10

	

	

	
0.73




	
Level 1 (within-person)

	

	

	

	

	

	

	

	

	




	
  Residual

	
SD(εit)

	
0.85

	

	

	

	
0.62

	

	

	




	
  Autocorrelation

	
ρ

	
0.24

	
***

	

	
<0.001

	
0.27

	
***

	

	
<0.001








* p < 0.05, ** p < 0.01, *** p < 0.001. a Time is coded 0 = study day 1 within a measurement burst, 1 = study day 18 within a measurement burst, with equal intervals for the intervening study occasions. b We were not able to collect data on one child’s age. To avoid it falling out from data analysis, we set its age to the sample mean age. c We were not able to collect data on one child’s medication status. To avoid it falling out from data analysis, we assumed it was not receiving ADHD medication. d The respective p-values for the random effect estimates were obtained by testing in pairs a model that includes the parameter in question against a model missing just this parameter via likelihood ratio tests.












Appendix B


Responding to a reviewer’s comment, we repeated multilevel modelling on both outcome variables (Night sleep quality, and daytime sleepiness), respectively, including an effect of the intervention which children received before Burst 2, γ33. This indicated the mean difference in ADHD symptom levels between children receiving a full self-regulation intervention (coded 1) and children receiving a reduced self-regulation intervention (coded 0) from Burst 2 onwards. As children who did not participate in Burst 2 (n = 21) were not allocated to any of these intervention conditions, the models were computed with a reduced sample size of n = 49 children. In general, the main results of our analyses remained unchanged after controlling for the intervention effect (see Table A3 and Table A4).
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Table A3. Multilevel model to test the between- and within-person association between children’s night sleep quality and ADHD symptom levels the following day.
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	Fixed Effects
	
	Estimate
	
	SE
	p





	Burst 1
	
	
	
	
	



	I Intercept: initial level
	γ00
	1.96
	
	1.96
	0.32



	  Time slope a
	γ01
	−0.36
	*
	0.16
	0.03



	  Night sleep quality, between-person differences
	γ02
	−0.24
	
	0.12
	0.06



	  Night sleep quality, within-person fluctuations
	γ03
	−0.05
	
	0.03
	0.09



	  Weekend effect
	γ04
	−0.03
	
	0.07
	0.70



	Change at Burst 2, compared to Burst 1
	
	
	
	
	



	  Change in level
	γ10
	−0.08
	
	0.11
	0.45



	  Change in time slope
	γ11
	−0.16
	
	0.20
	0.42



	  Change in effect of night sleep quality (between-person)
	γ12
	0.18
	*
	0.08
	0.03



	  Change in effect of night sleep quality (within-person)
	γ13
	0.02
	
	0.04
	0.57



	  Change in weekend effect
	γ14
	0.02
	
	0.09
	0.79



	Change at Burst 3, compared to Burst 1
	
	
	
	
	



	  Change in level
	γ20
	−0.32
	**
	0.12
	0.008



	  Change in time slope
	γ21
	0.10
	
	0.21
	0.63



	  Change in effect of night sleep quality (between-person)
	γ22
	0.12
	
	0.09
	0.21



	  Change in effect of night sleep quality (within-person)
	γ23
	0.05
	
	0.04
	0.25



	  Change in weekend effect
	γ24
	−0.08
	
	0.10
	0.40



	Control variables
	
	
	
	
	



	  Gender
	γ30
	0.20
	
	0.17
	0.26



	  Age b
	γ31
	−0.0008
	
	0.02
	0.96



	  ADHD medication c
	γ32
	0.06
	
	0.29
	0.85



	  Intervention
	γ33
	−0.02
	
	0.17
	0.92



	Random Effects & Covariances
	
	Estimate
	
	
	pd



	Level 2 (between-person)
	
	
	
	
	



	  Intercept: initial level
	SD(u0i)
	0.68
	***
	
	<0.001



	  Time slope
	SD(u1i)
	0.56
	
	
	0.42



	  Sleep quality within-person fluctuations
	SD(u2i)
	0.08
	*
	
	0.01



	  Intercept and time
	r(u0i,u1i)
	−0.60
	***
	
	<0.001



	  Intercept and sleep quality fluctuations
	r(u0i,u2i)
	−0.72
	***
	
	<0.001



	  Time and sleep quality fluctuations
	r(u1i,u2i)
	0.87
	
	
	0.90



	Level 1 (within-person)
	
	
	
	
	



	  Residual
	SD(εit)
	0.64
	
	
	



	  Autocorrelation d
	ρ
	0.37
	***
	
	<0.001







N = 49 children, n = 1212 considered observations, * p < 0.05, ** p < 0.01, *** p < 0.001. a Time is coded 0 = study day 1 within a measurement burst, 1 = study day 18 within a measurement burst, with equal intervals for the intervening study moments. b We were not able to collect data on one child’s age. To avoid it falling out from data analysis, we set its age to the sample mean age. c We were not able to collect data on one child’s medication status. To avoid it falling out from data analysis, we assume it was not receiving ADHD medication. d The respective p-values for the random effect estimates were obtained by testing in pairs a model that includes the parameter in question against a model missing just this parameter via likelihood ratio tests.













[image: Table] 





Table A4. Multilevel model to test the between- and within-person association between children’s daytime sleepiness and concurrent ADHD symptom levels.
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	Fixed Effects
	
	Estimate
	
	SE
	p





	Burst 1
	
	
	
	
	



	I Intercept: initial level
	γ00
	0.94
	
	1.38
	0.50



	  Time slope a
	γ01
	−0.21
	*
	0.10
	0.03



	  Daytime sleepiness, between-person differences
	γ02
	0.13
	
	0.12
	0.28



	  Daytime sleepiness, within-person fluctuations
	γ03
	−0.05
	*
	0.02
	0.01



	  Weekend effect
	γ04
	0.09
	*
	0.04
	0.03



	Change at Burst 2, compared to Burst 1
	
	
	
	
	



	  Change in level
	γ10
	−0.16
	*
	0.06
	0.01



	  Change in time slope
	γ11
	−0.06
	
	0.11
	0.58



	  Change in effect of daytime sleepiness (between-person)
	γ12
	−0.12
	
	0.06
	0.05



	  Change in effect of daytime sleepiness (within-person)
	γ13
	0.02
	
	0.02
	0.47



	  Change in weekend effect
	γ14
	−0.13
	*
	0.05
	0.03



	Change at Burst 3, compared to Burst 1
	
	
	
	
	



	  Change in level
	γ20
	−0.30
	***
	0.07
	<0.001



	  Change in time slope
	γ21
	0.07
	
	0.12
	0.55



	  Change in effect of daytime sleepiness (between-person)
	γ22
	−0.06
	
	0.07
	0.38



	  Change in effect of daytime sleepiness (within-person)
	γ23
	0.02
	
	0.02
	0.38



	  Change in weekend effect
	γ24
	−0.13
	*
	0.06
	0.04



	Control variables
	
	
	
	
	



	  Gender
	γ30
	0.08
	
	0.12
	0.54



	  Age b
	γ31
	0.006
	
	0.01
	0.57



	  ADHD medication c
	γ32
	0.48
	*
	0.20
	0.02



	  Intervention
	γ33
	−0.006
	
	0.12
	0.96



	Random Effects & Covariances
	
	Estimate
	
	
	pd



	Level 2 (between-person)
	
	
	
	
	



	  Intercept: initial level
	SD(u0i)
	0.53
	***
	
	<0.001



	  Time slope
	SD(u1i)
	0.40
	***
	
	<0.001



	  Sleepiness within-person fluctuations
	SD(u2i)
	0.08
	***
	
	<0.001



	  Intercept and time
	r(u0i,u1i)
	−0.26
	
	
	0.11



	  Intercept and sleepiness fluctuations
	r(u0i,u2i)
	−0.80
	***
	
	<0.001



	  Time and sleepiness fluctuations
	r(u1i,u2i)
	0.13
	
	
	0.69



	Level 1 (within-person)
	
	
	
	
	



	  Residual
	SD(εit)
	0.64
	
	
	



	  Autocorrelation
	ρ
	0.31
	***
	
	<0.001







N = 49 children, n = 4636 considered observations, * p < 0.05, *** p < 0.001. a Time is coded 0 = study day 1 within a measurement burst, 1 = study day 18 within a measurement burst, with equal intervals for the intervening study moments. b We were not able to collect data on one child’s age. To avoid it falling out from data analysis, we set its age to the sample mean age. c We were not able to collect data on one child’s medication status. To avoid it falling out from data analysis, we assume it was not receiving ADHD medication. d The respective p-values for the random effect estimates were obtained by testing in pairs a model that includes the parameter in question against a model missing just this parameter via likelihood ratio tests.













References


	



American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders DMS V; American Psychiatric Association: Philadelphia, PA, USA, 2013. [Google Scholar] [CrossRef]

	



Sonuga-Barke, E.J.S. Psychological Heterogeneity in AD/HD–a Dual Pathway Model of Behaviour and Cognition. Behav. Brain Res. 2002, 130, 29–36. [Google Scholar] [CrossRef]

	



Polanczyk, G.V.; Salum, G.A.; Sugaya, L.S.; Caye, A.; Rohde, L.A. Annual Research Review: A Meta-Analysis of the Worldwide Prevalence of Mental Disorders in Children and Adolescents. J. Child Psychol. Psychiatry 2015, 56, 345–365. [Google Scholar] [CrossRef] [PubMed]

	



Caye, A.; Swanson, J.; Thapar, A.; Sibley, M.; Arseneault, L.; Hechtman, L.; Arnold, L.E.; Niclasen, J.; Moffitt, T.; Rohde, L.A. Life Span Studies of ADHD—Conceptual Challenges and Predictors of Persistence and Outcome. Curr. Psychiatry Rep. 2016, 18, 111. [Google Scholar] [CrossRef] [PubMed]

	



Robson, D.A.; Allen, M.S.; Howard, S.J. Self-Regulation in Childhood as a Predictor of Future Outcomes: A Meta-Analytic Review. Psychol. Bull. 2020, 146, 324–354. [Google Scholar] [CrossRef] [PubMed]

	



Coghill, D.; Sonuga-Barke, E.J.S. Annual Research Review: Categories versus Dimensions in the Classification and Conceptualisation of Child and Adolescent Mental Disorders–Implications of Recent Empirical Study. J. Child Psychol. Psychiatry 2012, 53, 469–489. [Google Scholar] [CrossRef]

	



Larsson, H.; Anckarsater, H.; Råstam, M.; Chang, Z.; Lichtenstein, P. Childhood Attention-Deficit Hyperactivity Disorder as an Extreme of a Continuous Trait: A Quantitative Genetic Study of 8500 Twin Pairs. J. Child Psychol. Psychiatry 2012, 53, 73–80. [Google Scholar] [CrossRef]

	



Swanson, J.M.; Schuck, S.; Porter, M.M.; Hartman, C.A.; Sergeant, J.A.; Clevenger, W.; Wasdell, M.; McCleary, R.; Lakes, K.; Wigal, T. Categorical and Dimensional Definitions and Evaluations of Symptoms of ADHD: History of the SNAP and the SWAN Rating Scales. Int. J. Educ. Psychol. Assess. 2012, 10, 51–70. [Google Scholar]

	



Schulz-Zhecheva, Y.; Voelkle, M.; Beauducel, A.; Buch, N.; Fleischhaker, C.; Bender, S.; Saville, C.W.N.; Biscaldi, M.; Klein, C. ADHD Traits in German School-Aged Children: Validation of the German Strengths and Weaknesses of ADHS Symptoms and Normal Behavior (SWAN-DE) Scale. J. Atten. Disord. 2017, 23, 553–562. [Google Scholar] [CrossRef]

	



Blume, F.; Kuehnhausen, J.; Buhr, L.; Köpke, R.; Fallgatter, A.J.; Gawrilow, C. Validation of a Self-Report Version of the German Strengths and Weaknesses of ADHD Symptoms and Normal Behavior Scale (SWAN-DE-SB). Psyarxiv 2020. preprint. [Google Scholar]

	



Schmid, J.; Stadler, G.; Dirk, J.; Fiege, C.; Gawrilow, C. ADHD Symptoms in Adolescents’ Everyday Life. J. Atten. Disord. 2016, 24, 1169–1180. [Google Scholar] [CrossRef]

	



Koch, E.D.; Moukhtarian, T.R.; Skirrow, C.; Bozhilova, N.; Asherson, P.; Ebner-Priemer, U.W. Using E-Diaries to Investigate ADHD—State-of-the-Art and the Promising Feature of Just-in-Time-Adaptive Interventions. Neurosci. Biobehav. Rev. 2021, 127, 884–898. [Google Scholar] [CrossRef] [PubMed]

	



Trull, T.J.; Ebner-Priemer, U.W. Ambulatory Assessment in Psychopathology Research: A Review of Recommended Reporting Guidelines and Current Practices. J. Abnorm. Psychol. 2020, 129, 56–63. [Google Scholar] [CrossRef] [PubMed]

	



Schwarz, U.; Gawrilow, C. Measuring and Compensating for Deficits of Self-Regulation in School Children via Ambulatory Assessment. Psychol. Russ. State Art 2019, 12, 8–22. [Google Scholar] [CrossRef]

	



Ludwig, K.; Haindl, A.; Laufs, R.; Rauch, W.A.; Ludwig, K.; Haindl, A.; Laufs, R.; Rauch, W.A. Self-Regulation in Preschool Children ’ s Everyday Life: Exploring Day-to-Day Variability and the Within- and Between-Person Structure. J. Self-Regul. Regul. 2016, 2, 98–117. [Google Scholar] [CrossRef]

	



Leonard, J.A.; Lydon-Staley, D.M.; Sharp, S.D.S.; Liu, H.Z.; Park, A.T.; Bassett, D.S.; Duckworth, A.L.; Mackey, A.P. Daily Fluctuations in Young Children’s Persistence. Child Dev. 2021, 93, e222–e236. [Google Scholar] [CrossRef]

	



Hvolby, A. Associations of Sleep Disturbance with ADHD: Implications for Treatment. ADHD Atten. Deficit Hyperact. Disord. 2015, 7, 1–18. [Google Scholar] [CrossRef]

	



Gregory, A.M.; Sadeh, A. Sleep, Emotional and Behavioural Difficulties in Children and Adolescents. Sleep Med. Rev. 2012, 16, 129–136. [Google Scholar] [CrossRef]

	



Chokroverty, S. Overview of Normal Sleep. In Sleep Disorders Medicine; Chokroverty, S., Ed.; Springer: New York, NY, USA, 2017. [Google Scholar]

	



Vriend, J.L.; Davidson, F.D.; Corkum, P.V.; Rusak, B.; McLaughlin, E.N.; Chambers, C.T. Sleep Quantity and Quality in Relation to Daytime Functioning in Children. Child. Health Care 2012, 41, 204–222. [Google Scholar] [CrossRef]

	



Becker, S.P. ADHD and Sleep: Recent Advances and Future Directions. Curr. Opin. Psychol. 2020, 34, 50–56. [Google Scholar] [CrossRef]

	



Van der Meere, J. State Regulation and Attention Deficit Hyperactivity Disorder. In Attention Deficit Hyperactivity Disorder. From Genes to Patients; Gozal, D., Molfese, D.L., Eds.; Humana Press: Passaic, NJ, USA, 2005; pp. 413–434. [Google Scholar]

	



Gruber, R.; Cassoff, J.; Frenette, S.; Wiebe, S.; Carrier, J. Impact of Sleep Extension and Restriction on Children’s Emotional Lability and Impulsivity. Pediatrics 2012, 130, e1155–e1161. [Google Scholar] [CrossRef]

	



Schumacher, A.M.; Miller, A.L.; Watamura, S.E.; Kurth, S.; Lassonde, J.M.; LeBourgeois, M.K. Sleep Moderates the Association Between Response Inhibition and Self-Regulation in Early Childhood. J. Clin. Child Adolesc. Psychol. 2017, 46, 222–235. [Google Scholar] [CrossRef] [PubMed]

	



Hiscock, H.; Sciberras, E.; Mensah, F.; Gerner, B.; Efron, D.; Khano, S.; Oberklaid, F. Impact of a Behavioural Sleep Intervention on Symptoms and Sleep in Children with Attention Deficit Hyperactivity Disorder, and Parental Mental Health: Randomised Controlled Trial. BMJ 2015, 350, 1–14. [Google Scholar] [CrossRef] [PubMed]

	



Owens, J.; Gruber, R.; Brown, T.; Corkum, P.; Cortese, S.; O’Brien, L.; Stein, M.; Weiss, M. Future Research Directions in Sleep and ADHD: Report of a Consensus Working Group. J. Atten. Disord. 2012, 17, 550–564. [Google Scholar] [CrossRef] [PubMed]

	



Van Der Heijden, K.B.; Smits, M.G.; Gunning, W.B. Sleep-Related Disorders in ADHD: A Review. Clin. Pediatr. 2005, 44, 201–210. [Google Scholar] [CrossRef]

	



De Crescenzo, F.; Licchelli, S.; Ciabattini, M.; Menghini, D.; Armando, M.; Alfieri, P.; Mazzone, L.; Pontrelli, G.; Livadiotti, S.; Foti, F.; et al. The Use of Actigraphy in the Monitoring of Sleep and Activity in ADHD: A Meta-Analysis. Sleep Med. Rev. 2014, 26, 9–20. [Google Scholar] [CrossRef]

	



Gaina, A.; Sekine, M.; Kanayama, H.; Sengoku, K.; Yamagami, T.; Kagamimori, S. Short-Long Sleep Latency and Associated Factors in Japanese Junior High School Children. Sleep Biol. Rhythm. 2005, 3, 162–165. [Google Scholar] [CrossRef]

	



Dewald, J.F.; Meijer, A.M.; Oort, F.J.; Kerkhof, G.A.; Bögels, S.M. The Influence of Sleep Quality, Sleep Duration and Sleepiness on School Performance in Children and Adolescents: A Meta-Analytic Review. Sleep Med. Rev. 2010, 14, 179–189. [Google Scholar] [CrossRef]

	



Lidzba, K.; Christiansen, H.; Drechsler, R. Conners Skalen Zu Aufmerksamkeit Und Verhalten—3 (Conners 3®). Deutschsprachige Adaption Der Conners 3rd Edition® (Conners 3®) von C. Keith Conners; Verlag Hans Huber, Hogrefe AG: Bern, Switzerland, 2013. [Google Scholar]

	



Shrout, P.E.; Lane, S.P. Psychometrics. In Handbook of Research Methods for Studying Daily Life; Mehl, M.R., Conner, T.S., Eds.; The Guilford Press: New York, NY, USA, 2012; pp. 302–320. [Google Scholar]

	



Könen, T.; Dirk, J.; Schmiedek, F. Cognitive Benefits of Last Night’s Sleep: Daily Variations in Children’s Sleep Behavior Are Related to Working Memory Fluctuations. J. Child Psychol. Psychiatry Allied Discip. 2015, 56, 171–182. [Google Scholar] [CrossRef]

	



Steyer, R.; Schwenkmezger, P.; Notz, P.; Eid, M. Der Mehrdimensionale Befindlichkeitsfragebogen (MDBF); Hogrefe: Göttingen, Germany, 1997. [Google Scholar]

	



R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 2020. [Google Scholar]

	



Bolger, N.; Laurenceau, J.-P. Intensive Longitudinal Methods. An Introduction to Diary and Experience Sampling Research; The Guilford Press: New York, NY, USA, 2013. [Google Scholar]

	



Cohen, J. A Power Primer. Psychol. Bull. 1992, 112, 155–159. [Google Scholar] [CrossRef]

	



Faraone, S.V.; Biederman, J.; Mick, E. The Age-Dependent Decline of Attention Deficit Hyperactivity Disorder: A Meta-Analysis of Follow-up Studies. Psychol. Med. 2006, 36, 159–165. [Google Scholar] [CrossRef]

	



Döpfner, M.; Hautmann, C.; Görtz-Dorten, A.; Klasen, F.; Ravens-Sieberer, U. Long-Term Course of ADHD Symptoms from Childhood to Early Adulthood in a Community Sample. Eur. Child Adolesc. Psychiatry 2015, 24, 665–673. [Google Scholar] [CrossRef] [PubMed]

	



Shrout, P.E.; Stadler, G.; Lane, S.P.; McClure, M.J.; Jackson, G.L.; Clavél, F.D.; Iida, M.; Gleason, M.E.J.; Xu, J.H.; Bolger, N. Initial Elevation Bias in Subjective Reports. Proc. Natl. Acad. Sci. USA 2018, 115, E15–E23. [Google Scholar] [CrossRef] [PubMed]

	



Paavonen, E.J.; Raikkonen, K.; Lahti, J.; Komsi, N.; Heinonen, K.; Pesonen, A.-K.; Järvenpää, A.-L.; Strandberg, T.; Kajantie, E.; Porkka-Heiskanen, T. Short Sleep Duration and Behavioral Symptoms of Attention-Deficit/ Hyperactivity Disorder in Healthy 7-to 8-Year-Old Children. Pediatrics 2009, 123, 857–864. [Google Scholar] [CrossRef] [PubMed]

	



Fricke-Oerkermann, L.; Plück, J.; Schredl, M.; Heinz, K.; Mitschke, A.; Wiater, A.; Lehmkuhl, G. Prevalence and Course of Sleep Problems in Childhood. Sleep 2007, 30, 1371–1377. [Google Scholar] [CrossRef]

	



Pesonen, A.K.; Räikkönen, K.; Paavonen, E.J.; Heinonen, K.; Komsi, N.; Lahti, J.; Kajantie, E.; Järvenpää, A.L.; Strandberg, T. Sleep Duration and Regularity Are Associated with Behavioral Problems in 8-Year-Old Children. Int. J. Behav. Med. 2010, 17, 298–305. [Google Scholar] [CrossRef]








[image: Brainsci 12 00440 g001 550] 





Figure 1. Recruitment process and retention of the participants. 
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Figure 2. Time course of self-reported night sleep quality and ADHD symptom levels (in the afternoon) across all 54 study days; The dashed lines indicate breaks between each burst. 
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Figure 3. Time course of self-reported daytime sleepiness and ADHD symptom levels across all 162 study moments, with three moments per day; The dashed lines indicate breaks between each burst. 
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Table 1. Descriptive statistics for children’s ADHD symptom levels, night sleep quality, and daytime sleepiness across all 54 study days.
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Between-Person

	
Within-Person

	




	

	
M

	
SD

	
Range

	
MISD

	
SD

	
Range

	
ICC






	
ADHD (afternoon) 1

	
1.62

	
0.60

	
1.00–3.64

	
0.59

	
0.41

	
0.00–1.92

	
0.44




	
ADHD (overall) 2

	
1.52

	
0.50

	
1.00–2.91

	
0.56

	
0.37

	
0.00–1.79

	
0.43




	
Night sleep quality

	
4.58

	
0.82

	
2.23–6.00

	
1.11

	
0.57

	
0.00–2.37

	
0.43




	
Daytime sleepiness

	
2.68

	
0.98

	
1.00–4.42

	
1.48

	
0.55

	
0.00–2.28

	
0.34








M = mean, SD = standard deviation, MISD = mean intra-individual standard deviation, ICC = intraclass correlation coefficient, theoretical range for all variables: 1–6, with higher values indicating higher ADHD symptom levels, better night sleep quality, and higher daytime sleepiness, respectively. 1 ADHD symptom level reports collected only at afternoon time points 2 ADHD symptom level reports collected at all three time points during a day.
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Table 2. Multilevel model to test the between- and within-person association between children’s night sleep quality and ADHD symptom levels the following day.
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	Fixed Effects
	
	Estimate
	
	SE
	p





	Burst 1
	
	
	
	
	



	  Intercept: initial level
	γ00
	2.07
	
	1.60
	0.20



	  Time slope a
	γ01
	−0.27
	*
	0.13
	0.04



	  Night sleep quality, between-person differences
	γ02
	−0.16
	
	0.09
	0.07



	  Night sleep quality, within-person fluctuations
	γ03
	−0.02
	
	0.02
	0.40



	  Weekend effect
	γ04
	−0.02
	
	0.06
	0.75



	Change at Burst 2, compared to Burst 1
	
	
	
	
	



	  Change in level
	γ10
	−0.03
	
	0.10
	0.74



	  Change in time slope
	γ11
	−0.21
	
	0.18
	0.24



	  Change in effect of night sleep quality (between-person)
	γ12
	0.18
	*
	0.08
	0.03



	  Change in effect of night sleep quality (within-person)
	γ13
	−0.002
	
	0.04
	0.95



	  Change in weekend effect
	γ14
	0.02
	
	0.09
	0.85



	Change at Burst 3, compared to Burst 1
	
	
	
	
	



	  Change in level
	γ20
	−0.25
	*
	0.11
	0.02



	  Change in time slope
	γ21
	0.02
	
	0.19
	0.92



	  Change in effect of night sleep quality (between-person)
	γ22
	0.12
	
	0.09
	0.17



	  Change in effect of night sleep quality (within-person)
	γ23
	0.02
	
	0.04
	0.61



	  Change in weekend effect
	γ24
	−0.07
	
	0.09
	0.44



	Control variables
	
	
	
	
	



	  Gender
	γ30
	0.08
	
	0.14
	0.56



	  Age b
	γ31
	−0.003
	
	0.01
	0.80



	  ADHD medication c
	γ32
	0.29
	
	0.23
	0.22



	Random Effects & Covariances
	
	Estimate
	
	
	pd



	Level 2 (between-person)
	
	
	
	
	



	  Intercept: initial level
	SD(u0i)
	0.62
	***
	
	<0.001



	  Time slope
	SD(u1i)
	0.49
	
	
	0.93



	  Sleep quality within-person fluctuations
	SD(u2i)
	0.06
	
	
	0.93



	  Intercept and time
	r(u0i,u1i)
	−0.51
	**
	
	0.003



	  Intercept and sleep quality fluctuations
	r(u0i,u2i)
	−0.78
	*
	
	0.03



	  Time and sleep quality fluctuations
	r(u1i,u2i)
	0.78
	
	
	0.99



	Level 1 (within-person)
	
	
	
	
	



	  Residual
	SD(εit)
	0.66
	
	
	



	  Autocorrelation
	ρ
	0.34
	***
	
	<0.001







N = 70 children, n = 1450 considered observations, * p < 0.05, ** p < 0.01, *** p < 0.001. a Time is coded 0 = study day 1 within a measurement burst, 1 = study day 18 within a measurement burst, with equal intervals for the intervening study moments. b We were not able to collect data on one child’s age. To avoid it falling out from data analysis, we set its age to the sample mean age. c We were not able to collect data on one child’s medication status. To avoid it falling out from data analysis, we assumed it was not receiving ADHD medication. d The respective p-values for the random effect estimates were obtained by testing in pairs a model that includes the parameter in question against a model missing just this parameter via likelihood ratio tests.
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Table 3. Multilevel model to test the between- and within-person association between children’s daytime sleepiness and concurrent ADHD symptom levels.
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	Fixed Effects
	
	Estimate
	
	SE
	p





	Burst 1
	
	
	
	
	



	  Intercept: initial level
	γ00
	1.65
	
	1.13
	0.14



	  Time slope a
	γ01
	−0.23
	**
	0.08
	0.004



	  Daytime sleepiness, between-person differences
	γ02
	0.16
	
	0.10
	0.11



	  Daytime sleepiness, within-person fluctuations
	γ03
	−0.04
	*
	0.02
	0.01



	  Weekend effect
	γ04
	0.05
	
	0.03
	0.14



	Change at Burst 2, compared to Burst 1
	
	
	
	
	



	  Change in level
	γ10
	−0.16
	**
	0.06
	0.006



	  Change in time slope
	γ11
	−0.06
	
	0.10
	0.57



	  Change in effect of daytime sleepiness (between-person)
	γ12
	−0.12
	*
	0.06
	0.04



	  Change in effect of daytime sleepiness (within-person)
	γ13
	0.01
	
	0.02
	0.50



	  Change in weekend effect
	γ14
	−0.09
	
	0.05
	0.10



	Change at Burst 3, compared to Burst 1
	
	
	
	
	



	  Change in level
	γ20
	−0.28
	***
	0.06
	<0.001



	  Change in time slope
	γ21
	0.06
	
	0.10
	0.57



	  Change in effect of daytime sleepiness (between-person)
	γ22
	−0.06
	
	0.07
	0.39



	  Change in effect of daytime sleepiness (within-person)
	γ23
	0.03
	
	0.02
	0.18



	  Change in weekend effect
	γ24
	−0.09
	
	0.06
	0.10



	Control variables
	
	
	
	
	



	  Gender
	γ30
	−0.002
	
	0.10
	0.98



	  Age b
	γ31
	0.0003
	
	0.009
	0.97



	  ADHD medication c
	γ32
	0.55
	**
	0.17
	0.001



	Random Effects & Covariances
	
	Estimate
	
	
	pd



	Level 2 (between-person)
	
	
	
	
	



	  Intercept: initial level
	SD(u0i)
	0.50
	***
	
	<0.001



	  Time slope
	SD(u1i)
	0.40
	***
	
	<0.001



	  Sleepiness within-person fluctuations
	SD(u2i)
	0.07
	***
	
	<0.001



	  Intercept and time
	r(u0i,u1i)
	−0.30
	
	
	0.05



	  Intercept and sleepiness fluctuations
	r(u0i,u2i)
	−0.73
	***
	
	<0.001



	  Time and sleepiness fluctuations
	r(u1i,u2i)
	−0.04
	
	
	0.54



	Level 1 (within-person)
	
	
	
	
	



	  Residual
	SD(εit)
	0.64
	
	
	



	  Autocorrelation
	ρ
	0.27
	***
	
	<0.001







SE = standard error, N = 70 children, n = 5559 considered observations, * p < 0.05, ** p < 0.01, *** p < 0.001. a Time is coded 0 = study day 1 within a measurement burst, 1 = study day 18 within a measurement burst, with equal intervals for the intervening study moments. b We were not able to collect data on one child’s age. To avoid it falling out from data analysis, we set its age to the sample mean age. c We were not able to collect data on one child’s medication status. To avoid it falling out from data analysis, we assume it was not receiving ADHD medication. d The respective p-values for the random effect estimates were obtained by testing in pairs a model that includes the parameter in question against a model missing just this parameter via likelihood ratio tests.



















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  brainsci-12-00440


  
    		
      brainsci-12-00440
    


  




  





media/file5.png
Self-Report

~~ Night Sleep Quality
—=— ADHD Symptom Level






media/file6.jpg
Selt-Report

T





media/file3.png
Recruitment phase 1
(n =59 children)

Excluded from data analysis (n = 4)

Technical issues (n = 2)
Withdrawal before study start (n =1)
Trisomy 21 (n

)

Initial pool (n = 55)

N=55 children
BURST 1 eligible for data analysis
N =49 children
BURST2 eligible for data analysis
I = 38 childrer

ellglble for data znalys\s






media/file0.png





media/file4.jpg
Self-Report






media/file7.png
Self-Report

Daytime Sleepiness
—— ADHD Symptom Level

study Moment





media/file2.jpg
Recruitment phase 1
(n=59 children)

BURST1

BURST2

BURST3

Excluded from data analyss n = 4)

Technical issues (n = 2)
Withdrawalbefore study stat (0 =1)
Trisomy 21 (n = 1)

5 children
elgible for data analysis

9 chidren
eligible for data analysis

5 chidren
eligible for data anaysis

Recruitment phase 2
New pool (n=15)






