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SUMMARY

Although all young children nap, the neurophysiological features and associated developmental 

trajectories of daytime sleep remain largely unknown. Longitudinal studies of napping physiology 

are fundamental to understanding sleep regulation during early childhood, a sensitive period in 

brain and behaviour development and a time when children transition from a biphasic to a 

monophasic sleep–wakefulness pattern. We investigated daytime sleep in eight healthy children 

with sleep electroencephalography (EEG) assessments at three longitudinal points: 2 years (2.5–

3.0 years), 3 years (3.5–4.0 years) and 5 years (5.5–6.0 years). At each age, we measured nap EEG 

during three randomized conditions: after 4 h (morning nap), 7 h (afternoon nap) and 10 h 

(evening nap) duration of prior wakefulness. Developmental changes in sleep were most prevalent 

in the afternoon nap (e.g. decrease in sleep duration by 30 min from 2 to 3 years and by 20 min 

from 3 to 5 years). In contrast, nap sleep architecture (% of sleep stages) remained unchanged 

across age. Maturational changes in non-rapid eye movement sleep EEG power were pronounced 

in the slow wave activity (SWA, 0.75–4.5 Hz), theta (4.75–7.75 Hz) and sigma (10–15 Hz) 

frequency ranges. These findings indicate that the primary marker of sleep depth, SWA, is less 

apparent in daytime naps as children mature. Moreover, our fundamental data provide insight into 

associations between sleep regulation and functional modifications in the central nervous system 

during early childhood.
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INTRODUCTION

Regardless of cultural context, young children fulfil part of their 24-h sleep need by napping 

during the day (Crosby et al., 2005). A major developmental milestone is the consolidation 

from a biphasic to a monophasic sleep–wakefulness pattern: at age 2 years nearly all 

children nap, between 3 and 4 years of age napping declines and by age 5 years daytime 

naps are scarce (Weissbluth, 1995). In addition, naps become shorter in duration and occur 

later in the day with increasing age (Dales, 1941). This decrease in napping frequency and 

duration is the main factor accounting for the reported decline in total 24-h sleep duration 

from toddlerhood throughout the kindergarten years (Crosby et al., 2005; Iglowstein et al., 
2003; Kahn et al., 1973). Although observational research has led to a richer understanding 

of napping behaviour, the neurophysiological features of naps and how they change across 

early development are largely unknown.

Examining trajectories of napping brain physiology is fundamental for understanding sleep 

regulation across early childhood (Jenni and Lebourgeois, 2006). In adolescents and adults, 

extending the duration of wakefulness systematically increases sleep need (Dijk et al., 1987; 

Jenni et al., 2005), as measured by non-rapid eye movement (NREM) sleep slow wave 

activity (SWA, 0.75–4.5 Hz) (Achermann and Borbely, 2003). Relatedly, napping dissipates 

SWA in subsequent night-time sleep (Werth et al., 1996). Furthermore, observational data 

suggest that afternoon nap sleep onset latency increases with age (Dales, 1941). Only a 

handful of studies have examined daytime and night-time sleep electroencephalography 

(EEG) in early life (Kahn et al., 1973; Louis et al., 1997), none of which varied the duration 

of prior wakefulness systematically by assessing EEG sleep physiology at different times of 

the day.

In this study, we investigated experimentally the sleep EEG during morning, afternoon and 

evening naps in a longitudinal cohort of children at ages 2, 3 and 5 years. It has been 

proposed that the homeostatic build-up of sleep need across the day attenuates across early 

childhood (Jenni and LeBourgeois, 2006). We thus hypothesized a decline in the primary 

markers of sleep need (i.e. SWA) with increasing age. Relatedly, we expected changes in 

secondary markers of sleep need that are related to lighter sleep and lower sleep pressure, 

including a decrease in nap time in bed and sleep duration and an increase in sleep onset 

latency and slow wave sleep (SWS) latency across ages 2–5 years.

MATERIALS AND METHODS

Participants

Eight healthy children (five females) were assessed at three longitudinal time-points: ages 

2.5–3.0 years (2 Y, n = 8), 3.5–4.0 years (3 Y, n = 8) and 5.5–6.0 years (5 Y, n = 7, one 

subject did not participate). Inclusion required that children followed a biphasic sleep 
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schedule (night-time sleep opportunity of ≥10.5 h at night and nap opportunity of ≥45 min) 

for which they fell asleep at least 3 days per week during their nap opportunity at age 2 Y. 

Generally, children were good sleepers in excellent health; exclusion criteria are described in 

detail in our previous publications (Berger et al., 2012; Kurth et al., 2013). Families signed a 

consent form approved by the Brown University institutional review board, and the study 

was performed according to the Declaration of Helsinki.

Experimental design

At all ages, children’s nap and night-time sleep schedules were stabilized ≥5 days before 

each sleep EEG assessment (Fig. 1). This strict bedtime schedule included a minimum 24-h 

sleep opportunity of 12.5 h, including a daily 45-min nap opportunity (2 and 3 Y) or a 

minimum 24-h sleep opportunity of 12 h without a nap opportunity (5 Y). Falling asleep 

during daytime naps throughout the stabilization period was not a requirement for 

performing subsequent EEG assessments. During the entire study, children slept in their 

typical environment (home, daycare, family care). Except for the 3 days of nap assessments 

children adhered to the sleep schedule, which was verified with actigraphy, sleep diaries and 

daily contact with parents (telephone or e-mail). No caffeine or a deviation of >15 min from 

the sleep schedule was allowed during the 5 days preceding EEG assessments. At 2 and 3 Y, 

daytime sleep EEG recordings were performed after 4 h (morning nap; MN), 7 h (afternoon 

nap; AN) and 10 h (evening nap; EN) of wakefulness (Fig. 1). We also performed AN and 

EN assessments at age 5 Y, when participants were no longer napping habitually. Two 

children gave up regular naps by age 3 Y, and all children were not napping at age 5 Y. All 

EEG recordings occurred in the families’ homes (children did not attend daycare or school 

on assessment days), where researchers attached electrodes and monitored the subjects 

continuously with infrared cameras. Parents performed habitual naptime settling routines 

before each assessment. At least two nights (3.6 nights on average) of regularly scheduled 

daytime and night-time sleep elapsed between the randomly ordered nap recordings. 

Children slept until they awakened spontaneously, except for the EN; in this case, children 

who were still asleep after 60 min or who completed the first full sleep cycle (NREM/rapid 

eye movement, REM sleep) were awakened due to parental concerns that long daytime sleep 

would disturb subsequent night-time sleep (two recordings at 2 Y; 1 at 3 Y; 2 at 5 Y).

At least three in-home training sessions were performed to introduce parents and children 

gradually to the study procedures. These visits included explanation of actigraphy use, 

completion of sleep diaries and acclimatization to electrodes. After each training session 

children were rewarded with ‘play time’ with researchers and small gifts. For further 

electrode acclimatization, parents placed two electrodes at different head locations each day 

prior to naptime during the week before the first EEG recording.

Sleep EEG

Standard sleep EEG recordings were obtained (C3, C4, O1, O2, A1, A2) using a portable 

Vitaport 3 EEG recorder (Temec Instruments, Kerkrade, the Netherlands). EEG was scored 

visually in 30-s epochs (C3A2), in agreement with standard criteria (Rechtschaffen and 

Kales, 1968). Power density spectra of consecutive 30-s epochs [fast-Fourier transform 

(FFT), Tukey window (r = 0.50, average of 10 4-s epochs overlapping by 1 s; VitaScore, 
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Temec Instruments] were computed for the derivation C3A2. Spectra up to 20 Hz were 

analysed with a frequency resolution of 0.25 Hz. EEG artefacts were removed semi-

automatically: epochs were excluded when power in the 20–40 Hz and SWA band exceeded 

a threshold based on a moving average determined over 20 30-s epochs. We excluded 

frequency bins up to 1.25 Hz in all assessments of one child due to sweating artefacts. 

Because of sensitivity to low-frequency artefacts, 0.25–0.5 Hz were excluded for the 

comparison of power density spectra.

Data analysis

Analyses were performed with MATLAB (R2011a; MathWorks, Natick, MA, USA). 

Developmental changes were examined with two separate approaches: first, all children fell 

asleep during nap opportunities at 2 Y and 3 Y, thus, we compared sleep variables between 

the first two time-points with paired t-tests) for the MN, AN (n = 8) and EN (n = 7; one 

recording lost at 2 Y due to technical failure). Secondly, repeated-measures analyses of 

variance (ANOVA) for the AN and EN were performed including data at ages 2 Y, 3 Y and 5 

Y (n = 5; only five of seven children fell asleep during the AN and the EN opportunity at 5 

Y). We also utilized repeated-measures ANOVA or paired t-tests to examine prior 

wakefulness (nap condition: MN, AN, EN) effects on sleep variables. The alpha level was 

0.05. Finally, we investigated developmental changes and nap condition differences in EEG 

power density spectra using the maximal common duration of artefact-free NREM sleep 

across children, nap conditions and ages (i.e. first 27 min after sleep onset). Bootstrap 

methods were used to assess the statistical significance in NREM sleep EEG power density 

spectra across development and nap conditions. This conservative statistic uses a random 

sample (reshuffling) from the original data pool and controls the false alarm rate (Maris and 

Oostenveld, 2007). At each 0.25-Hz frequency bin, tests were performed (two-tailed; P < 

0.05, dftotal = 14–23) by first generating a random sample 5000 times from the original data 

pool, and then comparing the resulting distributions in each nap condition and at each age 

(for details see Maris and Oostenveld, 2007). The same approach was used to compare SWA 

(EEG power in the 0.75–4.5 Hz range) across nap conditions. Sleep variables are presented 

as means and standard deviations (mean ± SD), and effect sizes are reported as Cohen’s d or 

eta-squared, η2.

RESULTS

Descriptive statistics of sleep variables for all naps at each age are presented in Table 1.

Nap duration and architecture: developmental aspects

Table 2 shows developmental changes (2 Y, 3 Y) in sleep variables for each nap. For the 

MN, we found no changes in any sleep measures from 2 Y to 3 Y. Moderate-to-large 

changes were observed in the AN: children spent less time in bed (30 min) and had shorter 

sleep durations (32 min) as they matured. Additionally, the time children spent in Stage 2 

and SWS decreased between 2 and 3 Y (16 min for Stage 2; 10 min for SWS); however, 

when taking into account nap duration by analysing relative (%) instead of absolute (min) 

values, no developmental changes in NREM sleep architecture remained. In the EN, sleep 
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duration decreased (by 17 min), but this finding may depend upon the fact that three 

individual children did not awaken spontaneously from their naps.

Results from one-way repeated-measures ANOVAs testing developmental changes (2 Y, 3 Y, 

5 Y) in sleep variables for all naps are presented in Table 3. For the AN, time in bed and 

sleep duration decreased by ~43 min across ages 2, 3 and 5 Y. Moreover, children spent 

fewer minutes in SWS (22 min) during the AN as they matured; however, no changes 

occurred in relative (%) data. In the EN, Stage 2 (% as well as min) increased as children 

aged. The number of children exhibiting REM sleep at 2 and 3 Y ranged from 4 to 7 (Table 

4). By 5 Y, four children showed REM sleep in the AN; only one child showed REM sleep 

in the EN. Overall, although naps shortened across development, sleep architecture (% of 

sleep stages) remained largely preserved.

Nap condition differences in sleep variables

At both 2 and 3 Y, the timing of daytime naps (MN, AN, EN) produced differences in a 

number of sleep variables (Table 3). For example, sleep onset latency was ~15 min longer 

for the MN than the AN or EN. Also, children exhibited greater SWS% in the EN than the 

MN or AN. At 5 Y, we observed no nap timing effects (AN versus EN) on sleep variables 

(all Ps > 0.05).

EEG power density spectra and SWA

In the MN, EEG power density was increased in the beta frequency range (>16 Hz) at 3 Y 

compared to 2 Y (Fig. 2, left). In the AN, SWA (0.75–4.5 Hz) and theta power (4.75–7.75 

Hz) were higher at 2 Y versus 5 Y and at 3 Y versus 5 Y, but did not differ between 2 and 3 

Y (Fig. 2, middle; Fig. 4, top row). Furthermore, power in the sigma frequency band (10–15 

Hz) was significantly higher at 5 Y compared to both 2 and 3 Y. Such developmental 

changes in EEG power density and SWA in the EN were comparable to those in the AN 

(similar frequency ranges; Fig. 2, right; Fig. 4, top row).

As a final step, we compared EEG power density between nap conditions at each age. At 2 

Y, SWA and theta power increased across the day (Fig. 3, left; Fig. 4, bottom row), 

corresponding with the gradual increase in the duration of prior wakefulness. Because 

relative data were expressed proportionate to AN, SWA and theta power were below 1 for 

MN (Fig. 3, left and middle). A similar pattern was observed at 3 Y, except that the 

differences between the AN and EN dissipated (Fig. 3, middle). At 5 Y, EEG power and 

SWA differences disappeared entirely (Fig. 3, right; Fig. 4, bottom row). In sum, as children 

aged, daytime naps contained less SWA and theta activity. Most differences between nap 

EEG conditions were found at the age of 2 Y.

DISCUSSION

This study examined developmental changes in napping neurophysiology across ages 2–5 

years by utilizing an experimental protocol to gradually increase sleep need across the 

waking day. Overall, advancing age and nap timing were associated with alterations in sleep 

duration and EEG physiology, while sleep architecture remained largely preserved. Our 

results suggest that as children mature, they spend less time in deep sleep and exhibit fewer 
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differences in SWA when naps are taken at different times of the day. We propose that the 

daytime sleep EEG (i) reflects the maturation of the central nervous system, (ii) mirrors 

neurophysiological changes associated with the increasing tolerance of long wakefulness 

bouts and (iii) provides a tool to understand children’s behavioural regulation in the context 

of sleep duration and timing.

Sleep regulation changes between infancy (Bes et al., 1991; Jenni et al., 2004) and 

adolescence (Campbell and Feinberg, 2009; Jenni et al., 2005). Extended wakefulness in 

newborns does not trigger the typical homeostatic response of amplified SWA but instead 

increases sleep duration and consolidation (Alfoldi et al., 1990; Anders and Roffwarg, 

1973). During the first 2 years of life, age-related changes in sleep physiology are more 

prominent in naps compared to nocturnal sleep (e.g. increases in waking; decreases in sleep 

duration, NREM sleep and SWS) (Louis et al., 1997). Here, we found not only a 

developmental decrease in markers of deep sleep (SWS%) and sleep latency, but also a 

similar SWA response to increased prior wakefulness with advancing age. Interestingly, such 

nap timing differences in sleep were pronounced at 2 and 3 Y but diminished by 5 Y. These 

findings imply that the homeostatic build-up of sleep need across the day attenuates across 

early childhood (Jenni and Lebourgeois, 2006). These results may also provide a 

physiological explanation for the natural decline in napping as well as the diminished 

behavioural consequences of extending wakefulness in older compared to younger preschool 

children.

In adults, power in SWA and theta frequencies is a monotonic function of the duration of 

prior wakefulness (Dijk et al., 1987). We found no developmental differences in SWA and 

theta power between 2 and 3 Y in the MN, suggesting that the neural response to low sleep 

need is similar in 2- and 3-year-olds. This is supported further by the observation of no 

developmental change in sleep latency in the MN. Because MN and AN power spectra did 

not differ largely at 2 Y, our data may indicate that napping in the morning or afternoon is 

important to maintain vigilance and functioning during the toddler years. In line with this, 

the AN—the most ‘naturalistic’ timing of daytime sleep at the ages considered—may indeed 

offer the most functional benefits, which are discussed in recent studies of restricted daytime 

sleep in habitually napping preschoolers (Berger et al., 2012; Kurdziel et al., 2013; Miller et 
al., 2014). Finally, the effects of increasing time awake on spectral power was most evident 

at 2 and 3 Y and was limited to slow wave and theta frequencies. Based upon animal data, 

these findings imply a decrease in the extent of neural recruitment as children mature 

(Vyazovskiy et al., 2007). When neural circuits are mature, the homeostatic response to 

systematically extended wakefulness does not elicit a different response, e.g. comparing 

younger with older adults (Campbell and Feinberg, 2005).

Our objective findings build upon those from parent reports showing a decline in nap 

duration across childhood (Iglowstein et al., 2003; Weissbluth, 1995). The shortening of 

naps is ubiquitous and evolutionarily significant, as it is consistent with the increasing 

consolidation of sleep and wake bouts that exist across a variety of mammalian species (e.g. 

Meier and Berger, 1965). Our data also extend current knowledge by showing that although 

naps shorten across the preschool years, daytime sleep architecture remains largely 

unchanged. These observations provide further evidence of maturation of the homeostatic 
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system, such that extending waking may be moderated through the alteration of sleep depth 

rather than sleep architecture, i.e. percentage of sleep stages. Contrary to our hypothesis that 

was based upon an early observational study with preschool children (Dales, 1941), we did 

not find a developmental increase in napping sleep onset latency, which is consistent with 

electrophysiological data across infancy and toddlerhood (Louis et al., 1997). Interestingly, 

two participants did not fall asleep during the 60-min AN and EN nap opportunities at age 5 

Y. Thus, in order to include these children in our analysis of a developmental change in sleep 

onset latency, we utilized a strategy that is a standard in the field for multiple sleep latency 

test data (Taylor et al., 2005). By setting sleep onset latency to the duration of the nap 

opportunity (i.e. 60 min), we observed a non-significant trend towards an increase in sleep 

latency with advancing age in the AN (14.4 ± 10.7 at 2 Y; 15.3 ± 8.7 at 3 Y; 25.0 ± 24.1 at 5 

Y, P = 0.08).

Our data imply that naps in preschool children consist of approximately half the amount of 

Stage 2 sleep (%) and almost twice as much SWS (%) compared to the daytime naps of 

adults (Dijk et al., 1987; Werth et al., 1996). Further, we observed a developmental increase 

in sigma power. Although sigma power is related to sleep spindle bursts (Dijk, 1995), it does 

not distinguish between background EEG activity and phasic spindle activity. Spindles 

originate from the thalamic nuclei and are synchronized by cortico-cortical and thalamo-

cortical loops (Kandel and Buzsaki, 1997). Similar to the sigma EEG signature in nocturnal 

sleep (Doucette et al., 2015), the maturation of sigma power and other spindle characteristics 

across the preschool years may reflect the increasing integrity of thalamo-cortical networks 

and development of circuits associated with sleep-dependent memory formation 

(Diekelmann and Born, 2010) and may provide learning benefits, as observed in midday 

naps (Kurdziel et al., 2013). However, developmental changes in the functional benefits of 

daytime sleep and their associated physiological features need further investigation, 

particularly as children’s nighttime sleep may promote greater functional gains compared to 

adults (Wilhelm et al., 2013).

Although we achieved medium-to-large effect sizes in this relatively small sample, research 

on larger community samples and those experiencing inadequate sleep is warranted to 

understand further the role of sleep in neurodevelopment. The generalizability of our results 

needs to be considered with caution because we enrolled only healthy, regularly napping 

children; however, our strict study criteria ensured control of known confounds that affect 

sleep regulation. All participants were provided with nap opportunities at strictly scheduled 

times of the day and at ages when children were napping or had given up their regular naps. 

This kind of challenging protocol is crucial to examine fundamentally the early development 

of sleep regulation using EEG. Further, although we were not able to make statistical 

comparisons about REM sleep in our cohort, our descriptive data are important for 

researchers who study napping and cognitive, emotional and social functioning. Also, due to 

our small sample size, we did not utilize corrections or a statistical model to test interactions 

between developmental stage and nap timing on sleep and spectral EEG measures. We 

believe that this is an important research direction for further understanding of the early 

development of sleep regulation. Finally, the circadian effect of slow frequency power in 

daytime naps is negligible in adults (Dijk et al., 1987), but we cannot exclude the possibility 

that circadian factors contributed to our findings in children, especially when considering the 
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recently reported cross-talk between homeostatic and circadian factors affecting clock-gene 

expression (Curie et al., 2013) or markers of neuronal plasticity (Lazar et al., 2015). 

Relatedly, an important future question is whether nap timing is associated with distinct 

functional benefits, as shown in adults (Lovato and Lack, 2010). Considering that SWA 

reflects neurodevelopment (Kurth et al., 2010), we posit that the natural dropping of naps in 

young children arises from a reduction of sleep pressure, which is coordinated through brain 

network development (Lebourgeois et al., 2012). The current investigation provides rich 

objective data for understanding children’s neurophysiological trajectories of naps and for 

gaining insight into sleep regulation development.
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Figure 1. 
Experimental design: an example protocol for a child with a 20:00–07:00 nighttime sleep 

schedule and a habitual 13:00 daytime nap opportunity (≥12.5 h total time in bed). 

Experimental nap assessments with varying prior wakefulness time [morning nap (MN) at 

11:00, afternoon nap (AN) at 14:00 evening nap (EN) at 17:00] were ordered randomly and 

occurred on non-consecutive days.
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Figure 2. 
Developmental conditions: average power density spectra (first 27 min of artefact-free 

epochs of non-rapid eye movement (NREM) sleep, which is the common maximal duration 

across recordings and subjects) for absolute (top row) and relative data (bottom row, 

calculated relative to 2 years). Markers at bottom of subplots refer to significant differences 

between age groups (2, 3, 5 years).
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Figure 3. 
Nap conditions: average power density spectra [first 27 min of artefact-free epochs of non-

rapid eye movement (NREM) sleep] for absolute (top row) and relative data (bottom row, 

calculated relative to AN). Markers at bottom of subplots refer to significant differences 

between nap conditions (morning nap MN; afternoon nap AN; evening nap EN).
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Figure 4. 
Average slow wave activity [SWA; mean ± standard deviation (SD) first 27 min of artefact-

free epochs of non-rapid eye movement (NREM) sleep] for nap conditions (top row) and 

developmental stage (bottom row). *indicates significant differences between age groups (2, 

3, 5 years; top row) and nap conditions [morning nap (MN), afternoon nap (AN), evening 

nap (EN); bottom row].
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Table 2

Developmental changes in sleep variables [age 2 years (2 Y) versus 3 years (3 Y); n = 8] for morning (MN), 

afternoon (AN) and evening naps (EN); significant differences are indicated in bold type

Nap

Developmental changes (2 Y, 3 Y)
Paired t-tests (n = 8)

t d P

Time in bed (min) MN 0.94 0.46 0.190

AN 3.64 1.19 0.004

EN 1.66 0.76 0.074

Sleep duration (min) MN 1.88 0.70 0.051

AN 3.60 1.13 0.004

EN† 3.07 1.17 0.011

Sleep latency (min) MN −1.39 −0.68 0.103

AN −0.48 −0.16 0.321

EN −0.66 −0.30 0.268

SWS latency (min) MN −1.58 −0.28 0.079

AN 0.00 0.00 0.500

EN 0.99 0.33 0.179

Stage 2 (min) MN 1.19 0.61 0.136

AN 1.96 0.87 0.045

EN 1.81 1.06 0.060

Stage 2 (%)* MN 0.36 0.20 0.726

AN 0.66 0.24 0.528

EN 0.78 0.48 0.467

SWS (min) MN 1.20 0.57 0.134

AN 2.08 0.63 0.038

EN 0.81 0.43 0.225

SWS (%)* MN −0.06 −0.03 0.955

AN −0.43 −0.19 0.679

EN −0.66 −0.37 0.535

SWS: slow wave sleep; percentage values were calculated relative to total sleep time.

*
two-tailed t-test.

†
consider result with caution because some children were awakened from their evening nap (see Methods).
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