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Abstract Nocturnal human sleep is composed of cycles between rapid eye
movement (REM) sleep and non-REM (NREM) sleep. In adults, the structure
of ultradian cycles between NREM and REM sleep is well characterized; how-
ever, less is known about the developmental trajectories of ultradian sleep
cycles across early childhood. Cross-sectional studies indicate that the rapid
ultradian cycling of active-quiet sleep in infancy shifts to a more adult-like
pattern of NREM-REM sleep cycling by the school-age years, yet longitudinal
studies elucidating the details of this transition are scarce. To address this
gap, we examined ultradian cycling during nocturnal sleep following 13 h of
prior wakefulness in 8 healthy children at 3 longitudinal points: 2Y (2.5-3.0
years of age), 3Y (3.5-4.0 years of age), and 5Y (5.5-6.0 years of age). We found
that the length of ultradian cycles increased with age as a result of increased
NREM sleep episode duration. In addition, we observed a significant decrease
in the number of NREM sleep episodes as well as a nonsignificant trend for a
decrease in the number of cycles with increasing age. Together, these findings
suggest a concurrent change in which cycle duration increases and the num-
ber of cycles decreases across development. We also found that, consistent
with data from adolescents and adults, the duration of NREM sleep episodes
decreased with time since lights-off whereas the duration of REM sleep epi-
sodes increased over this time period. These results indicate the presence of
circadian modulation of nocturnal sleep in preschool children. In addition to
characterizing changes in ultradian cycling in healthy children ages 2 to 5
years, this work describes a developmental model that may provide insights
into the emergence of normal adult REM sleep regulatory circuitry as well as
potential trajectories of dysregulated ultradian cycles such as those associated
with affective disorders.
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Mammalian nocturnal sleep is composed of epi-
sodes of both rapid eye movement (REM) and non-
REM (NREM) sleep. In healthy adults, adolescents,
and children, nocturnal sleep architecture typically
follows a clearly defined ultradian pattern: Sleep is
initiated with NREM sleep and alternates between
NREM sleep and REM sleep throughout the night
(Carskadon and Dement, 2011). In adults, ultradian
cycles of NREM and REM sleep maintain a relatively
constant duration of approximately 90 to 110 min
across the nocturnal sleep period. However, the rela-
tive amounts of NREM and REM sleep within these
cycles change over the course of the night, reflecting
modulation of sleep by the circadian system (Dijk
and Czeisler, 1995). Typically, cycles involving more
NREM sleep occur in the early part of the night, and
cycles involving more REM sleep occur in the later
part of the night (Feinberg, 1974). The production of
robust ultradian cycles reflects the dynamics of neu-
rophysiological circuits governing sleep-wake behav-
ior (McCarley and Hobson, 1975; Lu et al., 2006;
Luppi et al., 2006; Luppi et al., 2013).

Ultradian cycling has been observed across the
lifespan, and cross-sectional studies suggest a tran-
sition from the rapid cycling between active and
quiet sleep in infancy to an adult pattern of ultra-
dian cycling by the school-age years (Coble et al.,
1984; Coble et al., 1987; Jenni et al., 2004). Little is
known, however, about the development of ultra-
dian cycling in early childhood, a period of signifi-
cant change in sleep behavior, including a decline
in total sleep duration, the elimination of daytime
naps, and the emergence of behavioral sleep prob-
lems (Beltramini and Hertzig, 1983; Zuckerman
et al., 1987; Iglowstein et al.,, 2003; Acebo et al.,
2005; Crosby et al., 2005; Honaker and Meltzer,
2014). Preschool children may also exhibit REM
sleep during midday naps (Kurth et al.,, 2016),
reflecting an absence of the strong circadian gating
of REM sleep observed in adults (Czeisler et al.,
1980; Dijk and Czeisler, 1995). Furthermore, dys-
regulation of REM sleep and ultradian cycling may
be related to affective disorders in school-age chil-
dren and adolescents (Ivanenko et al., 2005), which
is consistent with observed associations between
these measures in adults (Benca et al.,, 1997).
Understanding the normal developmental progres-
sion of ultradian cycling may provide insights into
the neurophysiology of REM sleep regulation in
both healthy children and those with or at risk for
affective conditions.

This study extends previous work by examining
developmental changes in ultradian cycles across the
preschool years. We used longitudinal nocturnal
sleep EEG data from healthy children at ages 2, 3, and
5 years to investigate the structure of NREM and

REM sleep episodes and NREM/REM ultradian
rhythms. In addition to using standard measures, we
applied survival analysis techniques to ultradian
cycle and NREM/REM sleep episode durations in
order to assess potential changes in the entire distri-
bution of these episodes at each age. We also investi-
gated across-the-night changes in sleep architecture
in our preschool cohort motivated by data in adults
showing circadian modulation of sleep and REM
sleep (Czeisler et al., 1980; Dijk et al., 1999) as well as
evidence for established circadian rhythmicity in
measures such as body temperature and melatonin
by age 6 months (Attanasio et al., 1986; Guilleminault
etal., 1996). Specifically, we assessed the absolute and
relative durations of NREM and REM sleep episodes
as a function of time since lights-off or cycle number.
Taken together, these analyses provide a detailed
characterization of sleep-wake architecture in this
longitudinal cohort.

METHODS

Data Collection

Participants. We studied 8 healthy children (3
males; 6 Caucasians) who were reportedly good
sleepers at 3 longitudinal time points: 2.8 + 0.2 (SEM)
years (2Y); 3.8 + 0.2 years (3Y); and 5.9 + 0.2 (5Y)
years. In general, children were excluded for medical,
pharmacological, or environmental factors known to
affect sleep and circadian timing; additional details
about exclusion criteria were reported previously
(Kurth et al., 2013). A parent of each child participant
signed a consent form approved by the Brown Uni-
versity institutional review board, and the study was
performed according to the Declaration of Helsinki.
Parents were compensated with $120 cash, and chil-
dren received small nonmonetary gifts throughout
the study.

Experimental design. Children slept in their typi-
cal environment (i.e., home, daycare, family care)
throughout the study. At each time point, children
followed an individualized stable sleep schedule with
a minimum sleep opportunity of 12.5 h (2Y and 3Y)
or 12 h (5Y) for at least 5 days before the first sleep
electroencephalography (EEG) assessment in order
to promote sleep optimization and circadian entrain-
ment. The schedule included a nap opportunity of
at least 45 min at ages 2Y and 3Y. Sleep schedules
were verified with wrist actigraphy, sleep diaries,
and daily contact with parents via phone or email.
Following the stabilization phase, all-night home
EEG recordings during sleep were performed with
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a portable Vitaport 3 EEG recorder (Temec Instru-
ments; Kerkrade, The Netherlands) following 13 h
of prior wakefulness (no nap). Substances (e.g., caf-
feine, medications) affecting the sleep, circadian, and
arousal systems were restricted during the pro-
tocol. Children were studied September through
May, and data were not collected for at least 12 days
following daylight savings time transitions. Children
awakened spontaneously in the morning following
overnight sleep EEG assessments.

Processing and Analysis

EEG scoring. EEG recordings were visually scored
in 30-sec epochs according to standard criteria
(Rechtschaffen and Kales, 1968) for sleep stages. We
also scored ultradian NREM/REM cycles using the
following criteria (Feinberg and Floyd, 1979; Jenni
and Carskadon, 2004):

1. Typical NREM/REM sleep cycles included 1
NREM and 1 REM episode. The first cycle
started with sleep onset (Stage 2), and the last
cycle ended with the last epoch of REM sleep.

2. Scored NREM sleep episodes were at least 10
min in duration.

3. Scored REM sleep episodes, excluding the first
REM sleep episode, were at least 5 min in
duration.

4. Cycles were defined to end with REM sleep. If
intermittent wake occurred between the end
of a REM sleep episode and the beginning of
the next NREM sleep episode, then the wake
was included in the next cycle.

5. Wake periods of less than 30 min did not lead
to interruption of a cycle. If the intervening
behavior lasted longer than 30 min, then a
new REM/NREM sleep episode was
established.

6. In the case of a “skipped” REM sleep episode,
cycle boundaries were established using the
following criteria:

a. There was a trough of slow wave activity
(SWA).

b. Trough duration lasted at least 10 consecutive
minutes (52, S1) following an slow wave sleep
(SWS) episode and was not interrupted by
more than 1 min of 53/54 sleep.

c. The end of one cycle and the beginning of the
next cycle was defined to be the mid-point
between the start and the end of the SWA
trough.

7. When the first REM sleep period was missed
and there was a period of wakefulness when
REM sleep would be expected, the first NREM

sleep episode was defined to end with the start
of wake and the second NREM sleep episode
was defined to begin with the end of wake.

Statistical Analysis

We analyzed the scored data using a range of sta-
tistical techniques to assess changes in sleep architec-
ture with age and over the course of the night. Briefly,
we calculated total sleep duration, mean cycle dura-
tion, mean NREM sleep, and mean REM sleep epi-
sode duration for individual subjects at each age and
compared them using 2-way ANOVA and paired ¢
tests. Skipped REM sleep episodes were not included
in the calculation of REM sleep episode duration. The
95% confidence intervals for the means are presented.
To further explore changes in these measures with
age, we computed Kaplan-Meier survival curves
(Klein and Moeschberger, 2003) and Cox proportional
hazards models (Klein and Moeschberger, 2003). To
identify potential differences in the survival of these
curves while accounting for intrasubject effects, we
used the log-rank test (Neuhaus, 1993; Klein and
Moeschberger, 2003). This approach compares the
entire distribution of episode durations at each age
rather than comparing only the mean durations. We
also used linear models to assess changes in NREM
and REM sleep episode durations over the course of
the night. Since the clock time of bedtime varied
according to each child’s habitual sleep schedule, we
used “time since lights-off” as a marker of time within
the nighttime sleep episode. Specifically, we deter-
mined whether NREM and REM sleep episode dura-
tions changed with time elapsed since lights-off. We
also investigated the structure of cycles in more detail
by considering changes in the percentage of NREM
sleep per cycle as a function of cycle number, age-
related changes in the frequency of cycles, and
skipped REM sleep episodes. Details are provided in
the Supplementary Online Material.

RESULTS

No Age-related Changes in Sleep Duration follow-
ing 13 h of Wakefulness

We analyzed sleep architecture during a nighttime
sleep episode following 13 h of prior wakefulness in
children at ages 2Y, 3Y, and 5Y. Across ages, we did
not observe a developmental change in total sleep
time (2-way ANOVA, p = 0.52; Fig. 1A) or total NREM
sleep (2-way ANOVA, p = 0.42; data not shown). REM
sleep time was also stable across development (2-way
ANOVA, p = 0.15, respectively; data not shown).
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Figure 1. Some standard measures of sleep-wake architecture showed changes with age in early childhood. There was no age-related
change in mean total sleep following 13 h of prior wakefulness (A) or mean durations of NREM/REM sleep cycles (B), but NREM
sleep episodes (C) increased with age; mean durations of REM sleep episodes showed no age-related change (D). Average changes
between ages for each measure except total sleep were positive, suggesting trends for age-related increases (E, F, G, H, respectively).
Bars indicate the 95 percent confidence interval of the means (A-D) and paired differences (E-H).

NREM/REM Sleep Cycle Duration Increased with
Age due to Longer NREM Sleep Episode Duration

A comparison of mean NREM/REM sleep cycle
duration among age groups did not reveal a devel-
opmental change (2-way ANOVA, p = 0.13) (Fig. 1B).
However, the positive average differences between
age groups provided evidence for a nonsignificant
trend for increasing cycle duration with age (2-way
ANOVA, p = 0.12) (Fig. 1F). Mean NREM sleep epi-
sode duration increased with age (2-way ANOVA, p
= 0.01), with pairwise comparisons showing an
increase of 7.5 min on average from 2Y to 5Y (paired
t test, p = 0.02) and a nonsignificant trend for
increased mean NREM sleep episode duration at 3Y
(Fig. 1C). Mean REM sleep episode duration showed
no significant change with age (2-way ANOVA, p =
0.76) (Fig. 1D).

To further investigate potential changes in cycle
and REM sleep episode durations as well as observed

changes in NREM sleep episode durations with age,
we computed Kaplan-Meier survival curves to assess
the survival of each episode type (Fig. 2). Using sur-
vival analysis, we found a significant increase in both
cycle duration (p = 0.01) and NREM sleep episode
duration (p < 0.01) with increasing age. The survival
of REM sleep episode durations did not show an age
effect (p = 0.73).

To explicitly identify the factors contributing to
changes in cycle and NREM sleep episode durations,
we used Cox proportional hazards models to model
these distributions as a function of age, subject, and
cycle start time (Table 1). Although no differences
were detected for REM sleep episode durations, we
also applied Cox proportional hazards models to
these distributions for completeness (Table 1). The
hazard coefficients describe the difference between
the natural log of the baseline hazard (hazard at 2Y)
and the log of the hazard for the comparison age
group; negative hazards imply longer durations. For
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Figure 2. Kaplan-Meier survival curves for cycle, NREM, and
REM sleep episode durations. Cycle survival increased with age
(A) (bootstrapped log-rank test, p = 0.01) due to increases in NREM
sleep episode duration with age (B) (bootstrapped log rank test,
p < 0.01), but the survival of REM sleep episodes showed no age-
related change (C) (bootstrapped log rank test, p = 0.73).

example, the significant (p < 0.01) negative hazard
coefficient —0.661 for NREM/REM sleep cycle dura-
tion at 5Y indicates that a cycle at 5Y was likely to be
longer compared with a cycle at 2Y. Cox models
showed that both NREM/REM sleep cycle duration
and NREM sleep episode duration increased with
age, consistent with the analysis using Kaplan-Meier
survival curves. These increases in cycle duration
and NREM sleep episode duration from the 2Y base-
line were significant at 5Y only. Consistent with the
previous analyses, Cox models did not detect changes
in REM sleep episode duration with age.

Evidence That the Number of Cycles Decreases
with Age

Although cycle duration increased with age, we
found no significant difference in total sleep time
across age groups. Thus, we considered the number
of cycles for each child at each age to assess possi-
ble compensatory effects (Table 2). Specifically, we
focused on the 8th and 9th cycles because these cycles
occurred only in a subset of participants. The 7th
cycle was observed in more than 75% of the sleep
periods studied, and only 1 participant at 1 age expe-
rienced 10 NREM/REM cycles. We tested the null
hypothesis that an 8th or 9th cycle is equally likely to
occur in each of the age groups versus the alternative
that the probability of occurrence of an 8th or 9th
cycle, respectively, was lower at 5Y. There were four

9th cycles, and none of these 9th cycles occurred at
5Y. The probability, under the null hypothesis, of
observing no 9th cycles at 5Y, conditional on the given
occurrence of 9th cycles, is p = (2/3)* = 0.19. There
were nine 8th cycles, and one of these 8th cycles
occurred at 5Y. The probability that of the nine 8th
cycles that occurred, at most one 8th cycle occurred at
5Yisp=(2/3)%1/3)*+3(2/3)%(1/3)* + 3(2/3)*1/3)* =
0.093. These probabilities indicate a nonsignificant
trend for decreased numbers of ultradian cycles at 5Y
compared with 2Y and 3Y.

Because children often awaken from stage 2 sleep,
we also tested the null hypothesis that NREM sleep
episodes are equally likely to occur in each of the age
groups versus the alternative that the probability of
occurrence of NREM sleep episodes was lower at 5Y
(Table 3). We focused on the 9th NREM sleep episode
because these episodes occurred only in a subset of
the participants. The sample of NREM sleep episodes
included 3 episodes that were not part of a complete
NREM/REM sleep cycle. Of the seven 9th NREM
sleep episodes observed, 3 participants experienced a
9th NREM sleep episode at 1 age only, and 2 partici-
pants experienced a 9th NREM sleep episodes at 2
ages. No 9th NREM sleep episodes were observed at
5Y. The probability, under the null hypothesis, of
observing no 9th NREM sleep episodes at 5Y, condi-
tional on the given occurrence of 9th NREM sleep
episodes, is p = (1/3)*(2/3)* = 0.033. Thus, a 9th
NREM sleep episode is less likely at 5Y compared
with 2Y and 3Y.

We also examined the prevalence of skipped REM
sleep episodes across ages (Table 2). All of our partici-
pants initiated sleep with NREM sleep, and skipped
REM sleep episodes were observed in more than half of
the first cycles. Skipped REM sleep occurred during the
1st and 2nd cycles only. We did not detect an age effect
for the occurrence of skipped REM sleep episodes.

Cycle, NREM Sleep, and REM Sleep Episode
Durations Change with Time since Lights-off

To assess the relationship between time since
lights-off and cycle, NREM sleep, and REM sleep epi-
sode durations, we used Cox proportional hazards
models. Because bedtimes were based on each child’s
habitual schedule, time since lights-off provided a
marker of progression through the sleep episode that
reflected circadian variation without imposing an
external clock time. Cox models showed that there
was no change in cycle duration with time since
lights-off. However, NREM sleep episode duration
decreased and REM sleep episode duration increased
with time since lights-off. To further characterize this
relationship, we fit a linear model to NREM and REM
sleep episode duration data as a function of time
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Table 1. Cox proportional hazards models for NREM/REM sleep cycle duration, NREM sleep episode duration, and REM sleep
episode duration with covariates age, subject, and time since lights-off.

3Y Compared with 2Y 5Y Compared with 2Y Time Since Lights-off (h)
NREM/REM sleep cycle duration ~ Hazard coefficient -0.278 -0.661 0.043
Standard error 0.185 0.196 0.031
p value 0.13 0 0.17
NREM sleep episode duration Hazard coefficient -0.31 —-0.758 0.21
Standard error 0.177 0.188 0.026
p value 0.08 <0.01 <0.01
REM sleep episode duration Hazard coefficient -0.025 -0.231 -0.153
Standard error 0.191 0.201 0.038
p value 0.90 0.25 <0.01

Negative coefficients indicate longer durations.

Table 2. Frequency of each cycle at each age shows a trend for a decreased number of cycles at later ages.

Age  1stCycle 2ndCycle  3rd Cycle  4thCycle 5thCycle 6thCycle 7thCycle 8thCycle 9thCycle  10th Cycle
2Y 8(3) 8(0) 8(0) 8(0) 8(0) 8(0) 6(0) 4(0) 3(0) 1(0)
3Y 8(4) 8(1) 8(0) 8(0) 8(0) 8(0) 7 (0) 4 (0) 1(0) 0(0)
5Y 8 (6) 8(2) 8(0) 8(0) 8(0) 8(0) 6(0) 1(0) 0(0) 0(0)

The probability of the given distribution across age groups of 9th cycles is p = 0.19; the probability of the given distribution across age
groups of 8th cycles is p = 0.09. The occurrence of skipped REM sleep episodes for each cycle is denoted by the number in parentheses and
shows skipped REM sleep episodes occurring in the 1st and 2nd cycles.

Table 3. Frequency of each NREM sleep episode at each age shows a decreased number of NREM sleep episodes at later ages.

Age 1stEpisode 2nd Episode 3rd Episode 4th Episode 5th Episode 6th Episode 7th Episode 8th Episode 9th Episode 10th Episode

2Y 8 8 8 8 8 8 8 6 3 2
3Y 8 8 8 8 8 8 8 6 3 1
5Y 8 8 8 8 8 8 7 6 0 0

The probability of the given distribution across age groups of 9th NREM sleep episodes is p = 0.03.

since lights-off (Fig. 3). At each age, NREM sleep
episode duration decreased (p ~ 0) and REM sleep
episode duration increased (p ~ 0) with time since
lights-off. For NREM sleep, the line of best fit had a
different intercept at 5Y compared with 2Y (2Y, 62.4
min; 3Y, 66.3 min; 5Y, 70.7 min; 3Y-2Y p = 0.10; 5Y-2Y
p = 0.001), but there was no significant age effect on
slope (—2.97 min/h, p = 0.12). For REM sleep episode
durations, no age effects were observed for the inter-
cepts (2Y, 18.3 min; 3Y, 18.9 min; 5Y, 19.4 min; p > 0.05)
or slope (1.27 min/h, p = 0.10) of the best-fit line.

Percentage NREM Sleep per Cycle Does Not
Decrease Monotonically throughout the Night

To further characterize the decrease in NREM
sleep episode duration across the night, we consid-
ered the percentage of each cycle spent in NREM
sleep as a function of cycle number (Fig. 4). We
found that at all ages, the percentage of NREM
sleep in each cycle decreased from the 1st to the

2nd cycle (paired ¢ test, p < 0.01 at 2Y; p < 0.01 at 3Y;
p = 0.01 at 5Y). For cycles 2 through 7, there was, in
general, a nonsignificant trend for cycle-to-cycle
decreases in percentage of NREM sleep, with sev-
eral of these differences reaching significance (3rd
to 4th cycle at 2Y; 5th to 6th cycle at 2Y; 2nd to 3rd
cycle at 5Y; paired ¢ test, p < 0.05). By contrast, the
percentage of NREM sleep in cycle 8 was greater
than that in cycle 7 (paired f test, p = 0.01 at all
ages). This increase in the percentage of NREM
sleep per cycle persisted as a nonsignificant trend
for cycles 9 and 10; however, the number of these
cycles was small. Although the percentage of
NREM sleep in later cycles increased, the mean
duration of NREM sleep episodes occurring in
cycles 8 through 10 was shorter than that of NREM
sleep episodes in cycles 1 through 7 (56.9 min for
cycles 1-7, 38.8 min for cycles 8-10; paired ¢ test, p <
0.01). Therefore, this finding represents a change in
the relative, but not absolute, amount of NREM
sleep in cycles at the end of the sleep period reflect-
ing awakening out of NREM sleep.
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Figure 3. Linear model shows how NREM and REM sleep epi-
sode durations change with time since lights-off. At all ages,
after accounting for subject effects, NREM sleep episode dura-
tion decreased (A) (slope coefficient —2.97 min/h since lights-
off, p < 0.01) while REM sleep episode duration increased (B)
(slope coefficient 1.28 min/h since lights-off, p < 0.01) with time
since lights-off. Ages 2Y, 3Y, and 5Y had statistically different
intercepts (2Y, 62.4 min; 3Y, 66.3 min; 5Y, 70.7 min; 3Y-2Y p =
0.10; 5Y-2Y p = 0.001) but not statistically different slope coef-
ficients for NREM sleep episode duration (-2.97 min/h, p = 0.12);
for REM sleep episode duration, neither slopes nor intercepts
were significantly different between ages (slope for all data,1.27
min/h; intercept for all data 18.87 min).

DISCUSSION

Using data from longitudinal sleep EEG assess-
ments, we found that preschoolers demonstrate
developmental changes in some features of sleep
architecture during a nighttime sleep episode follow-
ing 13 h of prior wakefulness. Specifically, although
we observed no significant change in total sleep time,
the duration of ultradian NREM/REM cycles and
NREM episodes increased as children aged from 2Y
to 5Y. This increase in ultradian cycle duration was
not detected when mean cycle durations were com-
pared across ages, but analysis of Kaplan-Meier sur-
vival curves demonstrated that increases in cycle
duration were present across the entire distribution
of cycles and NREM sleep episodes. In addition, our
data suggest that the circadian modulation of ultra-
dian cycles that has been observed in adolescents and
adults over the course of the night may be present in
preschool-age children. Comparisons within subjects
were particularly salient in this longitudinal study,
which is consistent with previous work showing that
preschool and school-aged children generally main-
tain individual standing in sleep duration over the
course of development (Jenni and Carskadon, 2012).
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Figure4. The percentage of NREM sleep in each cycle decreases
from the 1st to the 2nd cycle (paired t test, p < 0.01 at 2Y; p < 0.01
at 3Y; p = 0.01 at 5Y) and continues this decreasing trend through
cycle 7. The percentage of NREM sleep in cycle 8 was greater
than that in cycle 7 (paired t test, p = 0.01 at all ages), and this
increasing trend continued in later cycles due to the likelihood
of waking up out of NREM sleep.

Age-related Changes in Ultradian Cycles in Early
Childhood

Earlier cross-sectional studies have examined vari-
ous aspects of sleep during childhood (Coble et al.,
1984), and previous longitudinal studies have
assessed changes in sleep architecture across infancy
(Jenni et al., 2004) and adolescence (Feinberg et al.,
2012). Data from older children suggest that the dura-
tion of ultradian cycles increases during develop-
ment while the frequency of these cycles decreases
(Coble et al., 1984; Feinberg et al., 2012). In infants,
ultradian NREM/REM sleep cycles typically have a
period of approximately 55 min, and 7 to 13 cycles
may occur during nocturnal sleep (Jenni et al., 2004).
By school age, mean ultradian cycle length is approx-
imately 85 to 90 min, with 4 to 6 cycles occurring
across the night (Coble et al., 1984). Together, these
findings suggest a concurrent change in which cycle
duration increases and the number of cycles decreases
across development.

In our cohort of preschool children, we found evi-
dence for gradual changes in cycle duration and fre-
quency that bridges findings from studies of
younger and older children. Using survival analysis
and Cox proportional hazards models, we identified
an increase in ultradian cycle duration. Given a
mean cycle duration of 57.5 + 2.4 min at 9 months
(Jenni et al., 2004) and approximately 87 min in 6-
and 7-year-olds (Coble et al., 1984), our longitudinal
results showing mean cycle durations of 71 + 2.5
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min at 2Y and 79 + 3.5 min at 5Y support a continu-
ous increase in mean cycle duration across early
childhood. The probability of a 9th NREM sleep epi-
sode was decreased at 5Y, consistent with prior
reports of decreasing cycle frequency with age
(Coble et al., 1984). Although a decrease in cycle fre-
quency with age (assessed as a decreased probabil-
ity of an 8th or 9th cycle at 5Y compared with 2Y or
3Y) did not reach significance in our data, our results
may have occurred due to sleep episodes terminat-
ing following stage 2 sleep or protocol effects.
Additional work considering ultradian cycles in
preschoolers on habitual sleep-wakefulness sched-
ules is needed to determine cycle frequency across
development in more detail.

In previous work by our group and others, sur-
vival analysis techniques have been applied to detect
subtle differences in sleep-wake architecture under
different disease conditions including obstructive
sleep apnea (Norman et al., 2006; Chervin et al., 2009)
and orexin/hypocretin dysregulation (Diniz Behn
etal., 2010; Branch et al., 2016). These techniques have
also been used to assess sleep continuity in aging
adults (Klerman et al., 2013) and to compare sleep
features across species (Lo et al., 2004). In this study,
we quantified sleep-wake behavior using survival
analysis of cycle/episode durations in order to con-
sider the entire distribution of cycles/episodes in
addition to analyzing means of cycle/episode dura-
tions. Survival analysis of cycle duration identified
an age-related increase that was supported by the
Cox proportional hazards model but was not detected
with an analysis of average cycle duration. In addi-
tion, survival analysis of cycle and NREM sleep epi-
sode durations showed that the age-related increases
in these measures occurred across the entire distri-
bution of cycles and provide evidence for a devel-
opmentally mediated change in the mechanisms
governing ultradian cycling. Furthermore, this analy-
sis suggests that changes in sleep cycle patterns in
early childhood are not limited to changes in the first
cycle only, despite evidence that the first cycle domi-
nates age-related changes in ultradian cycles later in
life (Feinberg, 1974).

Changes in NREM and REM Sleep Episodes with
Age and Time Since Lights-off

Consistent with previous observations in adults
and adolescents (Feinberg, 1974; Carskadon and
Dement, 2011; Feinbergavis et al., 2012), we found
that regular ultradian cycling occurred throughout
the nocturnal sleep period, and the duty cycle of
NREM and REM episodes within ultradian cycles
changed over the course of the night. Specifically, fol-
lowing lights-off time, the duration of NREM sleep

episodes decreased, while the duration of REM sleep
episodes increased. This finding reveals the presence
of time-of-day features of sleep architecture in our
preschool cohort and provides preliminary evidence
for circadian modulation of sleep in young children
consistent with results established in adults using
forced desynchrony protocols (Dijk and Czeisler,
1995). Our results are also congruent with previously
reported sleep-dependent disinhibition of REM sleep
(Dijk and Czeisler, 1995).

Despite the consistent decrease in NREM sleep
episode duration and increase in REM sleep episode
duration with time since lights-off, our analysis also
identified a relative increase in the occurrence of
NREM sleep near the end of the sleep period. This
was manifested as an increase in the percentage of
NREM sleep in cycles 8 through 10 as well as in the
occurrence of final episodes of sleep that contained
NREM sleep only. In our sample of young children,
these findings may be related to the developmental
changes that alter sleep architecture while maintain-
ing relatively stable total sleep durations. Our data
suggest that an age-related increase in cycle dura-
tions earlier in the nighttime sleep period is compen-
sated by a decrease in the duration of the final
NREM/REM cycle with a preferential loss of REM
sleep. If the amount of REM sleep in the final cycle
decreases below 5 min (the threshold required to
score a cycle under standard cycle scoring criteria),
awakening occurs from a final NREM sleep episode
rather than a cycle. As cycle durations earlier in the
nighttime sleep period continue to increase with age,
the duration of the final NREM sleep episode
decreases until the final NREM sleep episode is lost,
resulting in a reduced number of NREM sleep epi-
sodes as children approach adolescence. Alternatively,
the relative increase in NREM sleep in later cycles
could result from developmental differences in sleep
need arising from the 13 h of prior wakefulness pro-
tocol, napping status, or circadian gating of REM
sleep. It is possible that circadian modulation of REM
sleep propensity may be different in preschoolers, or,
depending on the relationship between the timing of
the sleep episode and the internal clock, the end of a
nocturnal sleep period may coincide with a decrease
in REM sleep propensity. Additional work is needed
at these and other developmental stages to investi-
gate the mechanisms underlying these observations.

Limitations

Several limitations of this study should be noted.
First, these results reflect data from 8 healthy children.
Additional data from larger and more diverse cohorts
are needed to establish the generalizability of our
findings. Second, our observations may reflect
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differential effects of the protocol at different ages.
The 13 h of prior wakefulness protocol was selected to
normalize the duration of the waking period; how-
ever, this approach likely generated higher sleep pro-
pensity at ages 2Y than 5Y. Based upon data from
sleep deprivation studies in adults (Moses et al., 1975;
Borbely et al., 1981) indicating competitive recovery
of NREM sleep compared with REM sleep, our proto-
col may have affected our observed NREM and REM
sleep amounts at different ages. Differential effects of
the protocol may also explain the absence of age-
related changes in total sleep time or REM sleep time
in our data in contrast to other studies reporting
reductions in these measures across childhood
(Iglowstein et al., 2003; Ohayon et al., 2004; Acebo
et al., 2005; Jenni and Carskadon, 2012). Third, differ-
ences in napping status across ages may have influ-
enced our results. In our study, all children napped
regularly at 2Y; 2 children had ceased napping at 3Y;
and none of the children were napping at 5Y. The con-
founding role of napping status is a difficult factor to
control during the stabilization segment of the study,
and this may be particularly relevant for children at
the 3Y time point when napping behavior was less
stable. Furthermore, the 13 h of prior wakefulness
protocol represents a significant sleep deprivation
challenge for children who are regularly napping
(Lassonde et al., 2016), suggesting that the protocol is
differentially nonphysiologic for children with differ-
ent napping statuses. Relatedly, our previous work
and that of others show that toddlers who nap have
later circadian phases and decreased nighttime sleep
compared with nonnappers (Koch et al., 1984;
Tikotzky and Sadeh, 2001; Acebo et al., 2005; Akacem
et al.,, 2015). These limitations support the need for
additional studies to examine sleep-wakefulness
behavior in preschoolers on their habitual sleep
schedules.

CONCLUSIONS AND IMPLICATIONS

This study provides preliminary evidence for
developmental changes in ultradian sleep cycles
across early childhood and contributes to establishing
developmental trajectories for ultradian cycles.
Studies in adolescents have revealed different matu-
rational trajectories for NREM and REM sleep with
shortening NREM sleep episode durations and
lengthening REM sleep episode durations across ado-
lescence (Feinberg et al., 2012). Our study also shows
differential changes in NREM and REM sleep with
increases in NREM but not REM sleep episode dura-
tions during early childhood. Taken together, these
findings suggest that changes in sleep architecture
reflect distinct maturational processes at different

developmental stages associated with changes in
synaptic density and functional brain connectivity
(Huttenlocher and Dabholkar, 1997; Kurth et al., 2013).
Relatedly, investigation of the physiological mecha-
nisms underlying the generation of ultradian cycles
represents an area of active research, and these mech-
anisms have been widely debated in recent years
(McCarley and Hobson, 1975; Lu et al., 2006; Luppi
et al., 2006; Luppi et al., 2013). Previous work has pro-
moted developmental analyses for elucidating sleep-
wake circuitry in rodents (Blumberg et al., 2014), and
our developmental findings in ultradian cycling may
provide a novel perspective for addressing these
questions in humans.

Furthermore, understanding typical development
of ultradian cycling may provide new insights into
the genesis and mechanisms of dysregulation of
ultradian NREM/REM cycles, as observed in affec-
tive disorders (McCarley, 1982; Ivanenko et al., 2005).
In adult patients with affective disorders, dysregula-
tion of ultradian cycles may include reduced latency
to REM sleep, increased REM density, and higher
numbers of REM episodes (Kupfer et al., 1977;
Kupfer et al.,, 1978; Benca et al., 1997). Studies of
ultradian cycles in children and adolescents with
affective disorders have been less conclusive, but
many features of ultradian cycle dysregulation iden-
tified in adults have also been observed in children
and adolescents with major depression (Ivanenko
et al., 2005). In addition, antidepressants have been
shown to exert similar effects on sleep in children
and adults with depression, suggesting that child-
hood depression and adult depression share similar
biological features manifested at different matura-
tional levels (Kupfer et al., 1979; Shain et al., 1990).
Some key features of ultradian dysregulation such as
reduced latency to REM sleep are difficult to assess
in early childhood when, as observed in our cohort,
skipped REM episodes are common. However,
improved understanding of developmental trajecto-
ries for ultradian cycles may contribute to the identi-
fication of new markers for ultradian dysregulation
during the sensitive period of early childhood and
reveal implications for future trajectories of affective
disorder risk later in life.
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