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Abstract
This study examined whether subjective and objective sleep parameters (sleep stage, electroencephalography [EEG] power, 
heart rate variability) are related to the progression of sleep cycles using differences in the variables between two nights. We 
hypothesized that the association between night-to-night differences between subjective and objective sleep variables reflect 
the difference in objective sleep variables in the first sleep cycle. Seventy-seven healthy adults (23.8 ± 2.2 years; 41 females) 
participated in polysomnographic recordings on two consecutive nights. To extract the variables that represent the difference 
between the nights, the sleep parameters of Night 1 were subtracted from those of Night 2. Spearman’s rho was used to assess 
correlations between subjective sleep assessments and objective sleep parameters, with false discovery rate correction for 
multiple comparisons. Subjective sleep assessments were significantly correlated with whole-night sleep architecture and 
quantitative EEG activity, but not with heart rate variability during the night. Among sleep cycles, subjective sleep param-
eters were correlated with the objective sleep parameters in the first sleep cycle (“Ease of falling asleep” vs. waking after 
sleep onset [r = − 0.382], “Depth of sleep” vs. EEG theta power [r = 0.404], “Quality of sleep” vs. the percentage of stage 
N3 [r = 0.412] and EEG delta power [r = 0.458], all p < 0.05). These results suggest the importance of taking the difference 
among the nights into account when assessing subjective sleep quality. This study clarified that sleep in the first sleep cycle 
has a dominant influence on subjective sleep assessments.
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Introduction

Previous studies used subjective and objective assessments 
to evaluate sleep. Subjective assessments of sleep using 
questionnaires are often compared with objective sleep 
measurements using polysomnography (PSG) [1, 2], actigra-
phy [3, 4], and heart rate variability (HRV) [4–6]. However, 
the correlation between subjective sleep quality and objec-
tive sleep measurements was only low to medium in strength 
and not consistent across studies [7, 8]. During the night, 
sleep stages change in relation to sleep cycles and from the 

initial to the late periods of sleep [9]. Currently, it remains 
to be elucidated how subjective assessments can represent 
cyclic changes and progression in sleep architecture.

A recent study reported that sleep progression and sleep 
architecture differed between adaptation and experimen-
tal nights in a sleep laboratory; moreover, the difference 
between the two nights (the first night effect) was most 
prominent in the first sleep cycle [10]. In addition, the cor-
relation between subjective sleep quality and objective 
sleep assessment improved when the sleep data from multi-
ple nights were taken into account. Moreover, confounders 
related to inter-individual variability, such as personality 
traits, preoccupations, and psychological stress, were mini-
mized [11]. Therefore, the first night effect may be useful to 
assess the association between subjective and objective sleep 
evaluations in relation to sleep processes.

In this study, we hypothesized that the association 
between night-to-night differences between subjective and 
objective sleep variables reflect differences in the objective 
sleep variables in the first sleep cycle. The aim of the present 
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study was to examine whether objective sleep measures are 
correlated with subjective evaluations of sleep based on the 
differences in subjective and the objective sleep parameters 
between two nights by electroencephalography (EEG) power 
and heart rate variability in sleep cycles.

Materials and methods

Participants

Participants (n = 103) aged between 20 and 35 years (49 
women and 54 men, mean age 24.3 ± 2.9  years) were 
enrolled in the PSG study at Osaka University. The par-
ticipants were recruited via flyers and word of mouth. To 
determine the correlation between subjective and objec-
tive sleep measurements, data from a previous study were 
used [10]. The patients were screened to exclude suspected 
sleep disorder. Data from 26 participants were excluded 
for the following reasons: sleep apnea syndrome (AHI ≥ 5 
for both nights) (n = 19), and TST/TIB < 70% or sleep 
latency > 60 min (n = 7). As a result, 77 participants were 
included (41 women and 36 men, 20–33 years old, mean 
age 23.8 ± 2.2 years, BMI 20.5 ± 1.6 kg/m2). The sample size 
was warranted by a power analysis. To detect a weak correla-
tion (p = ± 0.4, two-tailed) with an alpha of 0.05 and a power 
of 0.90, 61 participants were needed according to G*Power 
[12]. To ensure that participants in this study were healthy, 
all subjects completed the Pittsburgh Sleep Quality Index 
(PSQI) [13], Japanese version [14]; Self-rating Depression 
Scale (SDS) [15]; the Japanese version of the SDS [16]; and 
State Trait Anxiety Inventory (STAI) [17], Japanese version 
[18]. The PSQI is a subjective questionnaire to assess sleep 
quality and disturbances over a 1-month period and the SDS 
is a self-administered survey to quantify the depressed sta-
tus of a patient. The patients completed a written informed 
consent form approved by the Research Ethics Committee of 
Osaka University Graduate School of Dentistry and Osaka 
University Dental Hospital. This study was approved by the 
Ethics Committee of Osaka University Dental Hospital and 
the Graduate School of Dentistry (H25-E9-5, H29-E48-3).

Subjective sleep assessments

For this study, a sleep evaluation questionnaire was used 
to determine subjective sleep assessments (total sleep time, 
sleep latency, depth of sleep, quality of sleep) every morn-
ing using the following questions: “How long did you sleep 
last night? (hours and minutes)”, “How long did you need 
until you fell asleep compared with usual nights? (1: very 
long—5: very short)”, “How was your sleep depth com-
pared with usual nights? (1: very light sleep—5: slept very 

soundly)”, and “How was your sleep quality compared with 
usual nights? (1: very bad—5: very good)”.

PSG and sleep stages

PSG recordings were performed on two consecutive nights 
in a sleep laboratory at Osaka University Graduate School 
of Dentistry. The measurement procedure was previously 
reported [10]. PSG recordings were performed using surface 
EEG (C3-A2, C4-A1, O1-A2, O2-A1, F3-A2, F4-A1, Fp1-
A2, and Fp2-A1), bilateral electrooculography (EOG), lead 
II electrocardiography (ECG), and chin electromyography 
(EMG). Signals were amplified, filtered (EEG, EOG, and 
ECG: 0.3–70 Hz; EMG: > 10 Hz, with a 60-Hz hum filter), 
and recorded with a sampling frequency of 200 Hz using 
a software package (Embla N7000, REMbrandt™ PSG 
software, Natus Medical, Pleasanton, CA, USA). Oronasal 
thermal airflow, nasal pressure, chest and abdominal move-
ments, arterial oxygen saturation, and body position were 
also recorded. Audio and video recordings were performed 
simultaneously. Sleep stages and respiratory events were 
scored according to the American Academy of Sleep Medi-
cine criteria [19]. The apnea–hypopnea index (AHI) was cal-
culated as the sum of all apneas and hypopneas with 3%  O2 
desaturation and/or EEG arousal divided by total sleep time. 
AHI exclusion criteria followed the AASM criteria [19].

Sleep cycles

A sleep cycle was defined as the time from the end of REM 
sleep to the end of the next REM sleep. The first sleep cycle 
was defined as the time from sleep onset to the end of the 
first REM sleep. To calculate the difference between two 
nights, the same number of sleep cycles was analyzed.

Quantitative analyses of cortical and cardiac 
activities

EEG signals (C4 referenced to the left ear) were quantified 
to estimate delta band (0.5–4.0 Hz), theta band (4.0–8.0 Hz), 
alpha band (8.0–12 Hz), sigma band (12.0–15.0 Hz), and 
beta band (15.0–23.0 Hz) amplitudes [20]. Quantitative 
EEG evaluation was performed using Fast Fourier trans-
form (Bio Trend Professional Analysis, NoruPro Light Sys-
tems, Japan). Prior to analysis, epochs with artifacts were 
removed. The frequency resolution was 0.25 Hz and trun-
cating errors were reduced by applying a Hanning window. 
The analysis window was 10.24 s with a 0.24-s overlap every 
10 s, and the data for three units were averaged to obtain a 
value every 30 s. Because of non-normality, power densi-
ties were log-normalized before calculating the measures 
of interest.
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Heart rate analysis was performed using the complex 
demodulation method [21]. The mean value of the instan-
taneous amplitude (in m) was calculated in 30-s windows 
using a computer program with a time scale of 0.1 s and 
a frequency resolution of 0.002 Hz (HRV LOG-Pro-DSA 
Analysis, NoruPro Light Systems). Following the removal 
of epochs with artifacts, density-spectrum array analysis was 
performed for low-frequency (LF: 0.04–0.15 Hz) and high-
frequency (HF: 0.15–0.4 Hz) bands.

Statistical analysis

As not every variable in the data set was normally distrib-
uted, non-parametric tests were applied. Wilcoxon signed-
rank tests were used to compare Night 1 and Night 2. The 
effect size was presented as Cohen's d, which is the mean 
preference index divided by the standard deviation. To com-
pare subjective and objective sleep variables for two nights, 
the differences in variables between the nights were calcu-
lated by subtracting those of Night 1 from those of Night 2. 
Spearman’s rho (r) was used to assess correlations between 
the differences in subjective sleep assessments and objective 
sleep measurements. Multiple comparisons were accounted 
for by a false discovery (FDR) adjustment α = 0.05. Regres-
sion analysis was used to draw a scatter diagram. Statisti-
cal analyses were performed using commercially available 

software (IBM SPSS Statistics, version 24 for Windows, 
Chicago, IL). Results were significant when p values were 
less than 0.05.

Results

Subject characteristics

Sleep quality assessed by the PSQI in all participants was 
4.5 ± 2.0 (range: 0–21, cut-off score: ≥ 5.5). The average 
score on the SDS and trait anxiety were within the standard 
range (SDS; range: 20–80, cutoff score: > 40, average score 
for all participants: 39.2 ± 5.4; STAI, range: 20–80, cutoff 
score: > 44, average score for all participants: 41.5 ± 9.5).

Descriptive statistics of the sleep variables

Descriptive statistics of the sleep variables are listed in 
Table 1. Many sleep variables for Night 1 significantly dif-
fered from those for Night 2 (Table 1 and Supplementary 
materials 1 and 2). Night 1 was characterized by delayed 
sleep onset, longer wake time, lower slow wave sleep, and 
higher arousal. As previous studies have reported [20, 22], 
EEG power and HRV differed among sleep stages (Sup-
plementary materials 1 and 2: EEG delta power increased 

Table 1  Descriptive statistics of 
the sleep variables in the study

Values are means and standard deviations, *p < 0.05, **p < 0.01 between two nights by Wilcoxon signed-
rank test
The number of subjects was 77
SD standard deviation, WASO wakefulness after sleep onset, REM rapid eye movement

Night 1 Night 2 p value Cohen’s d

Mean SD Mean SD

Subjective sleep parameters
 Total sleep time (min) 410.8 85.0 433.8 40.2 0.017* 0.24
 Ease of fall asleep (1–5) 2.7 1.0 3.1 0.8 0.001** 0.62
 Depth of sleep (1–5) 2.5 0.9 2.9 1.0 0.001** 0.25
 Quality of sleep (1–5) 2.8 0.9 3.0 0.9 0.056 0.13

Objective sleep parameters
 Time in bed (min) 465.9 34.7 467.0 33.9 0.702 0.04
 Total sleep time (min) 426.9 36.3 439.5 32.0 0.002** 0.25
 Sleep efficiency (%) 93.6 4.4 95.7 3.5 0.000** 0.38
 Sleep onset latency (min) 7.6 7.7 5.9 5.5 0.047* 0.16
 Stage N2 latency (min) 11.3 8.3 9.7 7.2 0.085 0.14
 Stage N3 latency (min) 22.3 17.8 17.3 9.2 0.009** 0.23
 REM latency (min) 111.5 42.9 97.1 41.6 0.015* 0.26
 Stage N1 (min) 53.0 23.8 47.1 19.9 0.003** 0.18
 Stage N2 (min) 200.7 37.9 204.8 33.9 0.337 0.08
 Stage N3 (min) 98.5 30.7 102.2 29.1 0.172 0.08
 Stage REM (min) 74.7 20.6 85.4 20.2 0.000** 0.32
 WASO (min) 29.5 20.3 20.0 16.6 0.000** 0.36
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and LF and HF amplitude of HRV decreased with increas-
ing sleep depth during NREM sleep period). Subjectively, 
the sleep of Night 1 was characterized by lower ratings 
for “Total sleep time”, “Ease of falling asleep”, “Depth of 
sleep”, and “Quality of sleep”. Correlations were found 
between “Depth of sleep” and “Quality of sleep” (r = 0.648, 
p = 0.000), between “Ease of falling asleep” and “Quality of 
sleep” (r = 0.472, p = 0.000). Subjective “Total sleep time” 
was not correlated with other questions.

Correlations for an entire night

A total of 108 correlations were performed. After FDR cor-
rection, 10 significant associations remained (p < 0.05) (bold 

in Table 2). Significant correlations were found when using 
the difference between the nights: subjective “Total sleep 
time” was related to objective “Total sleep time” (r = 0.597, 
p = 0.000). Moreover, subjective “Ease of falling asleep” was 
related to sleep onset latency (r = − 0.468, p = 0.002), stage 
N2 latency (r = − 0.515, p = 0.000), and stage N3 latency 
(r = − 0.590, p = 0.000). Subjective “Depth of sleep” was 
related to sleep efficiency (total sleep time/sleep period time) 
(r = 0.407, p = 0.024), stage N3 time (r = 0.434, p = 0.008), 
wakefulness after sleep onset (r = − 0.405, p = 0.026), and 
EEG delta power in the NREM sleep period (r = 0.427, 
p = 0.011). Subjective “Quality of sleep” was related to stage 
N3 time (r = 0.407, p = 0.024) and EEG delta power in the 
NREM sleep period (r = 0.438, p = 0.007). There were no 

Table 2  Correlations between 
subjective and objective 
parameters of the difference 
between the nights

Bolded measures indicate measures that remained significant after false discovery rate (FDR) correction 
(p < 0.05)
The number of subjects was 77
WASO wakefulness after sleep onset, NREM non-rapid eye movement, REM rapid eye movement, LF low 
frequency, HF high frequency

Total sleep time Ease of fall asleep Depth of sleep Total qual-
ity of sleep

PSG
 Total sleep time (min) 0.597 0.219 0.223 0.211
 Sleep efficiency (%) 0.352 0.340 0.407 0.320
 Sleep onset latency (min) − 0.267 − 0.468 − 0.161 − 0.238
 Stage N2 latency (min) − 0.268 − 0.515 − 0.223 − 0.266
 Stage N3 latency (min) − 0.228 − 0.590 − 0.185 − 0.334
 REM latency (min) 0.044 − 0.016 0.008 − 0.147
 Stage N1 (min) − 0.147 − 0.261 − 0.193 − 0.202
 Stage N2 (min) 0.336 0.280 − 0.044 − 0.085
 Stage N3 (min) 0.169 0.145 0.434 0.407
 Stage REM (min) 0.248 0.023 0.183 0.293
 WASO (min) − 0.317 − 0.357 − 0.405 − 0.316

EEG power (log value)
 Delta/NREM 0.263 0.221 0.427 0.438
 Theta/NREM − 0.110 − 0.054 0.142 0.136
 Alpha/NREM 0.227 0.151 0.164 0.178
 Sigma/NREM 0.169 0.047 − 0.045 − 0.074
 Beta/NREM − 0.037 − 0.081 − 0.170 − 0.132
 Delta/REM 0.185 0.328 0.384 0.329
 Theta/REM 0.177 0.190 0.304 0.197
 Alpha/REM 0.133 0.108 0.007 0.052
 Sigma/REM 0.017 0.212 − 0.117 0.102
 Beta/REM − 0.061 0.241 0.020 0.232

HRV (ms)
 RR interval/NREM 0.169 − 0.013 − 0.092 − 0.048
 LF amp/NREM 0.171 0.224 − 0.011 0.100
 HF amp/NREM 0.136 0.223 − 0.038 0.110
 RR interval/REM 0.145 0.037 − 0.135 0.003
 LF amp/REM 0.216 0.139 − 0.101 − 0.011
 HF amp/REM 0.070 0.076 − 0.140 0.024
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correlations between subjective sleep assessments and heart 
rate variability.

Correlations for each sleep cycle

Correlations between objective sleep parameters and sub-
jective sleep evaluation for each sleep cycle are presented 
in Table 3 (for the first cycle) and Supplementary materials 
3, 4, and 5 (for the second, third, and fourth cycles, respec-
tively). The results of linear regression analysis in the first 
sleep cycle are shown in Fig. 1a–e. The numbers of subjects 
were 77 for the first and second sleep cycles, 65 for the third 
sleep cycle, and 36 for the fourth sleep cycle. A total of 
84 correlations were found for each sleep cycle. After FDR 
correction, four (first sleep cycle) significant correlations 
remained (p < 0.05) (bold in Table 3). The highest correla-
tions were found in the first sleep cycle: subjective “Ease 
of falling asleep” was related to wakefulness after sleep 
onset (r = − 0.382, p = 0.049) (Table 3, Fig. 1b), whereas 
subjective “Depth of sleep” was related to EEG theta power 

(r = 0.404, p = 0.022) (Table 3, Fig. 1a). Moreover, subjec-
tive total “Quality of sleep” was related to stage N3 (%), 
EEG delta power, and EEG theta power, with an r rang-
ing from 0.412 (p = 0.016) to 0.458 (p = 0.002) (Table 3, 
Fig. 1c–e). In the third sleep cycle, there was only one signif-
icant correlation observed between subjective and objective 
sleep parameters: subjective “Quality of sleep” was related 
to EEG delta power in the NREM sleep period (r = 0.419, 
p = 0.043) (Supplementary material 4). There were no cor-
relations between subjective sleep assessments and heart rate 
variability in each sleep cycle (Table 3 and Supplemental 
materials 3, 4, and 5).

Discussion

This study investigated the relationship between subjec-
tive sleep assessments and objective sleep measurements in 
sleep cycles using the differences in the variables between 
two nights. Subjective sleep assessments were significantly 

Table 3  Correlations between 
subjective sleep evaluation and 
objective sleep parameters for 
the first sleep cycle

Bolded measures indicate measures that remained significant after false discovery rate (FDR) correction 
(p < 0.05)
The number of subjects was 77
NREM non-rapid eye movement, REM rapid eye movement, WASO wakefulness after sleep onset, LF low 
frequency, HF high frequency

Total sleep time Ease of fall asleep Depth of sleep Total qual-
ity of sleep

PSG
 % Stage N1 − 0.112 − 0.205 − 0.188 − 0.245
 % Stage N2 0.214 0.127 − 0.089 − 0.149
 % Stage N3 0.105 0.233 0.328 0.412
 % REM − 0.002 − 0.019 − 0.011 0.005
 % WASO − 0.292 − 0.382 − 0.301 − 0.356

EEG power (log value)
 Delta/NREM 0.204 0.327 0.341 0.458
 Theta/NREM 0.211 0.294 0.404 0.449
 Alpha/NREM 0.101 0.027 0.080 0.015
 Sigma/NREM 0.112 − 0.048 − 0.100 − 0.126
 Beta/NREM − 0.161 − 0.265 − 0.297 − 0.360
 Delta/REM 0.026 0.223 0.227 0.301
 Theta/REM − 0.006 0.173 0.248 0.324
 Alpha/REM 0.015 − 0.001 0.094 0.209
 Sigma/REM 0.055 0.087 − 0.042 0.150
 Beta/REM 0.116 0.059 0.045 0.126

HRV (ms)
 RR interval/NREM 0.099 0.029 − 0.077 − 0.103
 LF amp/NREM 0.008 − 0.054 − 0.094 − 0.181
 HF amp/NREM 0.104 0.100 − 0.024 − 0.040
 RR interval/REM 0.053 0.000 − 0.018 − 0.048
 LF amp/REM 0.231 0.151 − 0.099 0.005
 HF amp/REM 0.208 0.220 0.018 0.170
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correlated with objective sleep measurements for sleep 
architecture, but not with heart rate variability during the 
night. When analyzing sleep cycles, subjective sleep param-
eters were most correlated with objective sleep parameters in 
the first sleep cycle. Therefore, subjective sleep assessments 
of the entire night of sleep may be influenced by the sleep 
architecture in the first sleep cycle.

Previous studies examined the relationship between sub-
jective sleep assessment and objective sleep variables for a 
single night and found that subjective sleep quality was cor-
related with many sleep variables such as total sleep time, 
sleep efficiency, wake time after sleep onset, sleep onset 
latency, and the amount of sleep stages of light and deep 
sleep [2, 23, 24]. However, the correlation between subjec-
tive sleep assessment and objective sleep variables has been 
inconsistent between studies, as a significant correlation was 
not always found with specific sleep variables [7, 8]. The 
correlation between subjective and objective sleep assess-
ments may be obscured in cross-sectional studies because 
inter-individual differences in daily sleep fluctuations can-
not be controlled. In addition, there are many confounding 

factors affecting physiological sleep, such as physiological 
stress [25], and subjective evaluations such as personality 
traits and anxiety [26, 27]. In the present study, inter-indi-
vidual differences in daily sleep fluctuations were minimized 
and differences in the variables between two nights were 
analyzed to improve the correlation [11]. In this study popu-
lation, subjective sleep assessment and objective sleep vari-
ables significantly differed between the two nights, which 
support the findings of previous studies for the first night 
effect (sleep quality in subjective assessment and objective 
sleep architecture was lower in Night 1 than in Night 2) [10].

In this study, subjective sleep quality was assessed by four 
questions (Total sleep time, Ease of falling asleep, Quality of 
sleep, and Depth of sleep). The correlations of these ques-
tions with objective sleep parameters remained even after 
FDR adjustment. Unlike insomnia patients, young healthy 
subjects were able to accurately recognize their own sleep 
[28]. Total sleep time was correlated with objective total 
sleep time, suggesting that the time domain of subjective 
sleep assessment reflects that of objective sleep assessment 
in healthy subjects. In addition, “Ease of falling asleep” was 

Fig. 1  Scatter diagram of the subjective sleep evaluation and the 
objective sleep parameters that were significantly correlated in the 
first sleep cycle. Objective sleep parameters on the vertical axis show 
values obtained by subtracting Night 1 from Night 2. The subjective 

evaluation on the horizontal axis shows the value obtained by sub-
tracting the Night 1 score (from 1 point to max 5 points) from the 
Night 2 score (from 1 point to max 5 points)
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correlated with the latency of sleep stages, especially sleep 
onset latency. This finding is supported by a previous study, 
which demonstrated that falling asleep cannot be recognized 
until sleep spindles appear after stage N1 [29]. The delay of 
sleep onset consists of a prolonged period with the concomi-
tant appearance of EEG signs for wakefulness and sleep, and 
replacement of arousal and sleep [30, 31].

As previously reported, the subjective assessment of sleep 
quality was correlated with many sleep variables including 
total sleep time, sleep efficiency, wake time after sleep onset, 
sleep onset latency, and the amount of sleep stages of light 
and deep sleep [1, 2, 23, 24]. The present study partially sup-
ports these previous findings. In addition, the two questions 
about the quality domain of subjective sleep assessment, 
‘Quality of sleep’ and ‘Depth of sleep’, similarly represent 
objective sleep variables regarding the amount and quality 
of slow-wave sleep such as the time in Stage N3 and EEG 
delta power. Thus, the two subjective assessments were sig-
nificantly correlated. However, ‘Depth of sleep’ may further 
represent additional aspects of sleep related to sleep frag-
mentation or stability, as it was further correlated with wake 
time after onset and sleep efficiency. Furthermore, unlike 
patients with chronic fatigue syndrome [5] or depression 
symptoms [6], no correlation was found between subjective 
sleep assessments and heart rate variability, although heart 
rate variability during sleep significantly differed between 
the two nights. Therefore, subjective sleep assessments were 
correlated with objective assessments quantified by analysis 
of EEG activity in healthy individuals.

In this study, we further investigated whether objective 
sleep measurements in a specific period of sleep rather than 
overall sleep, were reflected in the subjective sleep assess-
ment. This analysis was encouraged by correlations between 
“Depth of sleep” and “Quality of sleep”, and between “Ease 
of falling asleep” and “Quality of sleep” because these sub-
jective assessments reflected the objective measurements 
characterizing the initial period of sleep such as sleep 
latency, the amount of stage N3, and delta EEG power. The 
hypothesis was supported by sleep cycle-by-cycle analysis, 
as significant correlations were found between subjective 
assessment and objective sleep measurements of the first 
sleep cycle.

These results may be associated with the unique physi-
ological processes of transition from wakefulness to sleep 
and further into slow-wave sleep in the first sleep cycle. 
The wake time after sleep onset in the first sleep cycle was 
significantly correlated with the subjective evaluation of 
sleep onset, “Ease of falling asleep” (r = − 0.382, p < 0.001) 
(Table 3, Fig. 1b). This suggests that the more frequent 
appearance of waking periods before and after sleep onset, 
a factor for delayed sleep onset and unstable sleep onset 
processes (as discussed above), was reflected in the subjec-
tive evaluation. This may be because increased arousal in 

sleep onset is related to the recognition of environmental or 
endogenous conditions [32].

The amounts of stage N3 and EEG delta and theta power 
in the first sleep cycle were significantly positively corre-
lated with the subjective evaluation of “Depth of sleep” and 
“Quality of sleep” (Table 3 Fig. 1a, c, d, and e). On the 
other hand, no significant correlation was found in the other 
sleep cycles, except for between ‘Depth of sleep’ and delta 
EEG power in the third sleep cycle. This can be explained 
by Stage N3 being predominant in the first sleep cycle [9], 
which is characterized by higher delta and theta power than 
other sleep stages [10, 33]. Moreover, Stage N3 is associ-
ated with a higher arousal threshold [34], the level of which 
becomes higher as delta EEG power increases [35, 36]. As 
previously reported, in the first night, delayed sleep onset 
impedes sleep progression and leads to a decreased amount 
of stage N3 in the first sleep cycle, although the total amount 
of stage N3 did not differ between the two nights [10]. Thus, 
cortical EEG power reflects the difference in physiological 
quality of sleep between the two nights and this difference 
was subjectively recognized in healthy subjects.

This study had several limitations. First, the two nights of 
PSG were executed in the sleep laboratory. Ideally, testing 
should be performed at home to have more typical “normal” 
nights. In addition, data from more nights were necessary 
to observe differences. Second, a standard definition of sub-
jective sleep quality has not been identified. In this study, 
in addition to “Quality of sleep”, we also used the factor 
“Depth of sleep”. There was no specific boundary between 
the two questions, but the correlation between these ques-
tions and sleep parameters differed. This suggests that differ-
ences in the terminology and definition used in the question-
naire may affect subjective sleep assessments. Many studies 
noted that if the definition of sleep quality was generalized, 
it would benefit future studies because comparisons between 
similar definitions can be employed [8, 11, 37, 38].

The present study found night-to-night variations in sub-
jective and objective sleep measurements. Few studies have 
investigated the correlation between subjective sleep evalu-
ation and objective sleep measurements based on the differ-
ences in objective sleep measurements between two nights 
for each sleep cycle using PSG, EEG power, and heart rate 
variability. In most of the subjective and sleep parameters, 
moderate or higher correlations were found when consider-
ing the difference between nights, which is consistent with 
previous reports [11]. On the other hand, there were no cor-
relations between subjective sleep evaluations and heart 
rate variability. Furthermore, based on sleep cycle-by-cycle 
analysis, subjective sleep assessments were correlated with 
EEG-related sleep measurements in the first sleep cycle. 
These results suggest the importance of taking differences 
among the nights into account when assessing subjective 
sleep quality. This study clarified that sleep in the first sleep 
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cycle has a dominant influence on subjective sleep assess-
ments in healthy young subjects.
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