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Abstract

This study aimed to investigate the occurrence and age-related changes of the first night effect (FNE) in school-age children
using both macro (sleep architecture) and micro (frequency analysis) structures to polysomnography (PSG) data. PSG data
from two consecutive nights were obtained from 38 healthy children aged 6—15 years. Sleep variables and power spectral
analysis were compared between the two nights. The relationship between age and the difference in sleep variables and
power values between the two nights was examined using correlation analysis. The first night showed significant reductions
in total sleep time, sleep efficiency, N1, N2, and REM sleep, as well as significant increases in sleep onset latency and wake
after sleep onset. The decrease in N3 and the increase in N2 due to FNE were positively and negatively correlated with
age, respectively. Spectral analysis showed no effect of FNE for most variables, but there was a trend toward an increase in
the convergence value of the 6 band with age. FNE occurs in school-age children, and its manifestation changes with age.
The decrease in N3 and increase in N2 become more pronounced with age, while the enhancement of low-frequency power
is consistent across ages. These findings highlight the importance of considering age and specific sleep indicators when
interpreting pediatric PSG results and underscore the need for a multi-level approach to understanding sleep changes across
development.
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Introduction

The gold standard for objective evaluation of human sleep is
overnight polysomnography (PSG). PSG provides detailed
information related to sleep/wake states by measuring elec-
troencephalography (EEG), chin electromyography (EMG),
and electrooculography (EOG). However, it requires sleep-
ing in a special environment, such as wearing unfamiliar
electrodes, in a laboratory setting with bedding that is not
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one's own. This may result in a deterioration of sleep qual-
ity on the first night of PSG, which is called the First Night
Effect (FNE) [1]. FNE is characterized by prolonged sleep
onset latency, increased wake after sleep onset, reduced total
sleep time, increased light sleep (Stage N1), and decreased
REM sleep [1]. To avoid FNE, it is generally required to set
an adaptation night when conducting PSG in a laboratory
setting.

A meta-analysis targeting all age groups suggested that
being a child increases the risk of FNE [2]. The high risk of
FNE in children may be related to sleep changes associated
with brain development during childhood. Cortical matura-
tion and synaptic pruning are phenomena that are promi-
nently observed during adolescence [3] and are known to
affect sleep changes during this period. For example, slow-
wave power is high in infancy but decreases during puberty.
In addition, the peak frequency of sigma waves increases
throughout adolescence [4]. However, most studies on FNE
in children have focused on disease-specific characteristics
in children with sleep disorders such as sleep apnea syn-
drome [5-7] or evaluation using home PSG [8-10]. The
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characteristics of FNE in healthy children and age-related
changes remain largely unknown.

In addition to evaluating sleep architecture based on
visual scoring, there is also the approach of frequency
analysis targeting EEG. Sleep architecture captures the
overall proportion and changes of sleep stages, but the
temporal resolution is constrained by the visual scoring
time window (e.g., 30 s). On the other hand, frequency
analysis can evaluate changes in EEG frequencies in
more detail with finer temporal resolution, although it
is difficult to detect qualitative characteristics of sleep.
Combining these approaches is expected to enable a more
multifaceted understanding of FNE. Indeed, several studies
have elucidated the association between FNE and EEG
frequencies. Tamaki et al. showed that FNE suppressed slow
wave activity in visual areas [11]. Mayeli et al. found lower
slow wave activity and higher sigma/beta activity depending
on the brain area using high-density EEG (hd-EEG) [12].
However, frequency analysis has not been applied to FNE
studies in children.

The purpose of this study was to examine the occurrence
of FNE in healthy school-aged children, including the onset
of puberty, using both macro (sleep architecture) and micro
(frequency analysis) structures of PSG data from two nights
in a laboratory setting.

Methods
Participants

This study used PSG data from 38 children (F16, M22,
mean 10.5+2.6 years, age range 6—15 years) obtained in
a previous study. Those with serious mental or physical
illnesses, sleep disorders, or who had traveled across
time zones within 6 months prior to the experiment were
excluded at the enrollment. Written informed consent was
obtained from the guardian of each child, and informed
assent was obtained from each child. Opt-out was conducted
for secondary use of the data. This study was approved by
the Ethics Committee of the National Center of Neurology
and Psychiatry (NCNP, A2023-016).

Procedures

The data used were PSG data from two nights (420 min
each) conducted in a laboratory with cross-over design. Each
child came to the laboratory twice for the study. Each child
arrived approximately 5 h before their habitual bedtime,
and explanations, meals, showers, and sensor attachment
were performed. PSG of more than 420 min per night was
measured in the laboratory unit and the first 420 min data
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was used for analyses. Lights Out was set based on each
child’ s habitual bedtime in principle, but varied slightly for
each night depending on the original experimental purpose.
The unit was maintained at 25 °‘C and 50% relative humidity
(RH).

Measurements

PSG recordings were made using the Neurofax digital EEG
system (EEG-1200, Nihon Kohden, Tokyo, Japan), which
included an EEG with a conventional montage (F;, F,, C;,
C,, Oy, O,) based on the contralateral mastoid (M, M,),
an EOG at the outer canthus of each eye, a chin EMG, and
an electrocardiogram (ECG). Upon recording, the EEG,
EOG, EMG, and ECG signals were digitized at 200 Hz; the
signal was filtered using a high-pass filter with the following
time constants: EEG 0.3 s, EOG 0.03 s, chin EMG 0.03 s,
and ECG 1.0 s. The signal was filtered using a low-pass
filter as follows: EEG 60 Hz, EOG 60 Hz, submental EMG
60 Hz, and ECG 60 Hz. The sleep stage (Stage N1, Stage
N2, Stage N3, Stage R, or Stage W) was determined every
30 s according to the American Academy of Sleep Medicine
(AASM) Manual for the scoring of sleep and associated
events [13].

Data analyses

Total recording time (TRT), total sleep time (TST), sleep
efficiency (SE), sleep latency (SL), time spent in each sleep
stage, and percentage of each sleep stage in TST were
calculated as sleep variables. These sleep variables were
compared between Dayl and Day?2 using a one-way analysis
of covariance, adjusting for the differences in Lights Out.

To examine the association between age and FNE, the
difference between the two days for each sleep variable (A
sleep variable) was calculated, and the correlation with
age was evaluated for each. Pearson's product-moment
correlation coefficient (r) was calculated for the correlation
analysis.

For frequency analysis, power values were calculated
for each band of & (0.5-4 Hz), 6 (4—7 Hz), a (8-13 Hz),
(13-30 Hz), and ¢ (11-16 Hz). Multitaper spectral analysis
[14] was performed for the C; channel. The analysis was
performed with a window interval of 5 s and a 2 Hz step.
Outlier removal was performed using the Inner Quartile
Range for the calculated power values for each band,
followed by z-score processing. The z-scored power values
were averaged for each NREM cycle [15]. The 6 NREM
cycle was only observed on one night (1.3%) out of a total
of 76 nights and was, therefore, excluded from the analysis.
The averaged power values for each NREM cycle were
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compared using linear mixed models with fixed factors
(CYCLE, DAY) and random intercept (ID).

Furthermore, the z-scored & power values calculated for
NREM epochs were averaged every 10 min and fitted to the
following exponential decay curve [16, 17]:

8(t) = (Sso — LA) x exp(—t/7,4) + LA

Here, Sg, represents the initial value of z-scored &
power at sleep onset, LA is the convergence value of the
exponential decay curve, and 7, is the time constant of the
exponential decay curve. Sy, LA, and 7, were compared
between Dayl and Day2 using a one-way analysis of
variance.

All results are expressed as means + SD. All analyses
were conducted using IBM SPSS v.26 and R 4.3.1 (R Core
Team) with the following R packages: anomalize v.0.3.0
(Dancho and Vaughan 2023), emmeans v.1.8.4-90,004
(Lenth 2023), Ime4 v.1.1-31 (Bates et al. 2015), ImerTest
v.3.1-3(Kuznetsova et al. 2017), nls2 v.0.3.3 (Grothendieck
2022) and performance v. 0.11.0 (Liidecke 2021). To
conduct multitaper spectral analysis, we utilized an R code
provided by Prerau et al. (https://github.com/preraulab/multi
taper_toolbox). Statistical significance was set to 5%.

Results
FNE on sleep variables

From the two-night PSG data, all 38 participants
experienced some form of sleep deterioration due to FNE.
Compared to Day 2, the sleep structure on Day 1 showed a
significant reduction in TST (Day1: 365.01 +43.49, Day?2:
391.34+7.06, p=0.01) and SE (Day1: 87.18 +10.53, Day?2:
94.72+1.71, p<0.001), and a significant prolongation of
SL (Dayl: 12.82+8.77, Day2: 6.46+1.42, p<0.001).
Regarding the amount of sleep stages, Stage W significantly
increased (Dayl: 38.72 +35.54, Day2: 21.43+5.76,
p=0.011) while Stage R and N1 significantly decreased
(Stage R Day1: 56.83+19.04, Day2: 71.29 +3.09, p<0.001;
Stage N1 Dayl1: 19.75+9.07, Day2: 25.32 +1.47, p=0.039).
Stage N2 showed a trend toward significant decrease (Day1:
161.22 +£32.27, Day2: 174.24 +£5.23, p=0.056). On the
other hand, there was no significant difference in Stage N3
between the two nights (p =0.28) (Table 1).

Relationship between A sleep variables and age

When examining the correlation between the two-night dif-
ference for each sleep variable (A sleep variable) and age,
the A amount of Stage N3 showed a significant positive cor-
relation with age (r=0.53, p=0.001), indicating that the
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Table 1 Comparison of sleep variables between Day1 and Day2
Dayl Day?2 F P

TRT 420+0 420+0
TST 365.01+43.49 391.34+7.06 11.10 0.01
SE 87.18+10.53 94.72+1.71 15.81 <0.001
SL 12.82+8.77 6.46+142 1354 <0.001
StageW 38.72+35.54 21.43+5.76 6.75 0.011
StageN1 19.75+9.07 2532+147 4.40 0.039
StageN2 161.22+32.27 17424+523 3.76 0.056
StageN3 127.82+35.85 12043+5.81 1.17 0.283
StageR 56.83+19.04 71.29+3.09 12.28 0.001
StageN1(/TST%) 5.11+2.97 6.53+0.48 3.73 0.057
StageN2(/TST%)  41.56+14.46  44.53+2.35 1.37 0.246
StageN3(/TST%)  31.65+12.83  30.75+2.08 15.44 0.708
StageR(/TST%) 14.32+5.77 18.26+0.95 11.34 0.001

TIB Total recording time, TST Total sleep time, SE Sleep efficiency,
SL Sleep latency. These sleep variables were compared between Day1
and Day2 using a one-way analysis of covariance, adjusting for the
differences in Lights Out

decrease in the A amount of Stage N3 due to FNE increased
with age in children. On the other hand, the A relative
amount (%TST) of Stage N2 showed a significant negative
correlation with age (r=-0.54, p <0.001), suggesting that
the decrease in Stage N2 due to FNE was more pronounced
at younger ages (Fig. 1). For the other Asleep variables,
no significant correlations were found with age (Irl<0.35,
ps>0.05).

FNE-induced changes in power spectrum

The linear mixed models were employed to explore the
impact of DAY and CYCLE on the spectral power within
different EEG frequency bands (8, 6, a, f, and o) during
sleep. The models revealed a robust explanatory power for 6,
and 0 bands, with conditional R? of 0.586, and 0.547, respec-
tively, indicating a significant portion of variance explained
by both fixed and random effects. The marginal R? (5: 0.570,
0: 0.539) suggests that the fixed effects alone also substan-
tially account for the observed variability. In contrast, the
a band exhibited lower R? (conditional: 0.260, marginal:
0.255), and models for the  and o bands encountered issues
with singularity, resulting in incomputable conditional R
and markedly low marginal R? (B: 0.0219; 6: 0.0248). There-
fore, only 6 and 6 are reported hereafter. No significant main
effect of DAY was detected across the 8, or @ bands, with
p-values of 0.489 and 0.351, respectively, indicating that
the NREM cycle predominantly influences these measures.
Similarly, interactions between DAY and CYCLE were not
significant (p-values: 0.670 and 0.481), underscoring the
primary role of the NREM cycle (Fig. 2).
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Fig.1 Correlation between age and AStage N3 and Stage N2(%TST). The two day difference in each sleep variable (Asleep variable) was calcu-
lated and the correlation with age was evaluated for each. Pearson's product rate correlation coefficient (r) was used for correlation analysis
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Fig.2 Changes in EEG power during NREM cycle. (A) delta band (0.5—4 Hz). (B) Theta band (4—7 Hz). Data are represented as estimated mar-

ginal means of z-scored power with a 95% confidence interval

The correlation analysis between age and the difference
in each band power value for each NREM cycle (Ad, A,
Aa, Ap, and Ac) showed that the FNE-induced changes
in each band were not significantly correlated with age
(Ir1<0.40, ps>0.15).

Non-linear regression analysis

Sgo and 7, derived from fitting the exponential decay
curve to the z-scored § power values in NREM epochs
showed no significant influence of FNE, but LA tended to
be higher on the first night (F (1,56)=3.297, p=0.075)
(Table 2, Fig. 3).

The correlation between age and ASg,, and Az, was
not significant for any of the parameters. However, ALA
showed a trend toward a negative correlation, suggesting
that the 8 band tended to be maintained at a higher level
with increasing age (r=-0.38, p=0.089, Fig. 4).
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Table 2 The two days comparison of each variable in the exponential
curve fitted with z-scored § power values

Dayl Day?2 F P
Sso 0.93+0.63 0.85+0.47 0.676 0.414
LA -0.80+0.84 -1.31+£1.25 3.297 0.075
74 28.49+£28.33 41.14+39.70 2.047 0.158

Sso the level of z-scoreddpower at sleep onset, LA the lower
asymptote, 7, the time constant of the decreasing exponential
function during sleep

Discussion

This study investigated the occurrence and age-related
changes of FNE in healthy school-aged children aged
6—15 years, using both macro (sleep architecture) and
micro (frequency analysis) structures. The sleep macro-
structure showed that FNE caused a significant reduc-
tion in TST, SE, Stage N1, N2, and R, and a significant
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increase in sleep onset latency and Stage W on the first
night. These results are consistent with previous findings
indicating that FNE occurs in children [7].

Regarding the age-related changes in sleep macrostruc-
ture, this study found a positive correlation between the two-
night difference in Stage N3 and age, suggesting that the
decrease in Stage N3 due to FNE becomes more pronounced
with age. Stage N3 is a sleep stage dominated by slow waves
closely related to the development of the central nervous sys-
tem network and is more prominent in younger children [18
19]and is known to gradually decrease through adolescence
[3]. Therefore, Stage N3 in younger children may be robust
against FNE, while in older children, it may be more sus-
ceptible to the effects of FNE. Additionally, the proportion

of Stage N2 (%TST) showed a negative correlation with age.
Stage N2 is known to increase through puberty [4], suggest-
ing that it may be more robust against FNE at older ages.
These results differ from a previous meta-analysis targeting
individuals aged 10 years and older [2]. This meta-analysis
reported that the impact of FNE weakens between the ages
of 10 and 20, and then increases again with age. This dis-
crepancy may be due to the inclusion of younger children
in this study and the comprehensive evaluation of multiple
indicators. The relationship between FNE and age may differ
depending on the sleep component.

The frequency analysis (multitaper frequency analysis and
non-linear regression) targeting the 6, 0, a, f, and ¢ bands
showed no occurrence of FNE in any bands. Also, Sgq and
74 did not be associated with FNE, but LA, the convergence
value of the 6 band, had trend toward significance, resulting
in the § band being maintained at a relatively higher level
due to FNE. It was assumed that the 6 band activity was
prolonged until the latter half of sleep, indicating that the
sleep homeostasis mechanism was disrupted due to the FNE.
Similar changes are found in the insomnia patients [20] and
critically ill children [21]. This result is inconsistent with
sleep variables that showed no association between FNE and
the amount of Stage N3. This discrepancy might occur due
to the difference in detecting power for & band between the
two approaches. With the visual inspection, Stage N3 could
only be calculated when slow waves predominantly occur in
the epoch, while frequency analysis could detect more subtle
changes in 0 band even in the less dominate epoch. On the
other hand, age-related changes in ALA tended to be higher
with increasing age due to FNE. This is in accordance with
the macrostructure of sleep variables.

Although this study provides valuable insights into the
age-related changes of FNE in healthy school-aged children,
it has several limitations. First, while Lights Out was set
based on each child's habitual bedtime in principle, it var-
ied slightly between participants due to differences in the
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original study protocols. Although the impact of this was
adjusted using analysis of covariance, it may not have been
fully accounted for. Similarly, the 420-min TRT due to the
original study protocols is shorter than the recommended
sleep duration for children and may not capture the lower
quality of the last periods of sleep, leading to an underesti-
mation of FNE. Second, the age range of the children in this
study was limited to 6-15 years, including only elementary
and junior high school students. To further investigate the
relationship between FNE and brain development, studies
targeting a wider age range, including infants and preschool
children, are needed. Third, the relatively small sample size
may have limited the power to detect differences between
age groups, especially in the spectral analysis. Despite
these limitations, the results of this study provide important
insights into the impact and age-related changes of FNE in
healthy school-aged children's sleep. The results highlight
the need to consider age and specific sleep variables when
interpreting pediatric PSG studies. For example, researchers
and clinicians should be aware that the decrease in Stage N3
due to FNE may be more pronounced in older children and
adolescents.

In conclusion, this study demonstrates that FNE occurs in
healthy school-aged children and that there are age-related
changes in its manifestation. Macro-level sleep structure
analysis revealed that the decrease in Stage N3 and increase
in Stage N2 due to FNE become more pronounced with age.
Furthermore, micro-level spectral analysis showed a trend
toward an increase in the convergence value of 8 band with
age. These findings highlight the importance of considering
age and specific sleep indicators when interpreting pediatric
PSG results. By deepening our understanding of FNE in
the pediatric population, we can improve the accuracy and
clinical utility of sleep research, ultimately leading to better
diagnosis and treatment of sleep disorders in children.
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