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Purpose: Many studies have investigated the cognitive, emotional, and other impairments caused by sleep restriction. However, few 
studies have explored the relationship between cognitive performance and changes in sleep structure and electroencephalography 
(EEG) during sleep. The present study aimed to examine whether changes in sleep structure and EEG can account for cognitive 
impairment caused by sleep restriction.
Patients and Methods: Sixteen young adults spent five consecutive nights (adaptation 9h, baseline 8h, 1st restriction 6h, 2nd 
restriction 6h, and recovery 10h) in a sleep laboratory, with polysomnography recordings taken during sleep. Throughout waking 
periods in each condition, participants completed the psychomotor vigilance test (PVT), which measures vigilant attention, and the Go/ 
No-Go task, which measures inhibition control.
Results: The results showed that sleep restriction significantly decreased the proportion of N1 and N2 sleep, increased the proportion 
of N3 sleep, and reduced the time spent awake after sleep onset (WASO) and sleep onset latency. Poorer performance on the PVT and 
Go/No Go task was associated with longer WASO, a larger proportion of N3 sleep, and a smaller proportion of N2 sleep. Additionally, 
the power spectral density of delta waves significantly increased after sleep restriction, and this increase predicted a decrease in 
vigilance and inhibition control the next day.
Conclusion: These findings suggest that sleep architecture and EEG signatures may partially explain cognitive impairment caused by 
sleep restriction.
Keywords: sleep restriction, sleep architecture, sleep EEG, vigilance, inhibition control

Introduction
Previous studies have demonstrated the adverse effects of partial sleep deprivation, also known as sleep restriction (SR), 
on cognitive performance.1–3 However, few studies have explored the effects of SR on neural activity during sleep. 
Earlier studies have found a reduction in N1, N2, and REM sleep, but no significant effect on slow-wave sleep (SWS) on 
nights of sleep deprivation.4–6 In recent years, similar results have been found in multiple SR studies.7–12 Overall, the 
majority of SR studies have shown decreased N1 and N2 sleep, reduced proportion of REM sleep, increased proportion 
of SWS, decreased sleep onset latency (SOL), and increased electroencephalogram (EEG) spectrum power in the low- 
frequency range.13 However, one study showed a decrease in all sleep stages and SOL after SR.14 The discrepancies may 
be due to different durations of SR, restrictions of different sleep periods, or different levels of experimental control. 
A survey in the elderly found that the lower the proportion of REM sleep and the higher the proportion of N1 sleep, the 

Nature and Science of Sleep 2023:15 823–838                                                                823
© 2023 Mao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Nature and Science of Sleep                                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 17 May 2023
Accepted: 6 October 2023
Published: 12 October 2023

N
at

ur
e 

an
d 

S
ci

en
ce

 o
f S

le
ep

 d
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-5416-536X
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


worse the executive function and attention performance.15 To date, few studies have examined the relationship between 
sleep architecture and cognitive behavior in adults.

In addition to changes in sleep architecture, partial sleep deprivation (SR) can also alter sleep EEG. For instance, 
participants who were deprived of 4, 6, or 8 hours of sleep for 14 consecutive nights showed significant differences in 
their δ wave power on the first SR night among the three conditions. However, these differences did not reach statistical 
significance on the 14th SR night.11 A study on the relationship between slow wave sleep and cognitive tasks in 
insomniac patients found that lower levels of slow wave were associated with poorer task performance, but this 
relationship was not observed in the healthy population.16 Moreover, higher spindle amplitude has been linked to better 
fluid intelligence in adolescents,17 and reduced spindle activity after SR may be associated with reduced cognitive 
functioning such as executive function, working memory, and processing speed.18 However, it is still unclear whether 
changes in sleep EEG bands after SR are related to changes in behavior.

Importantly, few studies have explored the mechanism behind the cognitive deficits induced by SR from the 
perspective of sleep architecture and sleep EEG. Therefore, this study aims to investigate changes in sleep archi-
tecture and sleep EEG under SR and to explore the effects of these changes on cognitive functions such as vigilant 
attention (basic cognitive function) and inhibitory control (higher cognitive function) using a rigorous experimental 
design.

Materials and Methods
Experimental Design
This study employed a single-factor within-subject experimental design. Participants spent five consecutive nights in the 
laboratory, where the first night was an adaptation night to provide a sleep opportunity of 9 hours to familiarize 
themselves with the sleeping environment and eliminate sleep debt. The second night was considered as a baseline 
night with a sleep opportunity of 8 hours. The third and fourth nights were considered as two SR nights (6 hours in bed). 
The fifth night was considered as a recovery night. Data from the first night were only used to screen for sleep disorders, 
and only data from the second to fourth nights were included in the analysis. Some other data from the study have been 
published in earlier articles.19 The participants arrived at the laboratory three hours before bedtime every night for PSG 
setup and to complete cognitive tasks and questionnaires, including PVT, Go/No Go task, and KSS. They were permitted 
to leave the laboratory for a few hours each day to avoid monotony,13 but the use of mobile phones, pads, and other 
electronic devices was not allowed during the experiment. In the afternoons, they were required to return to the 
laboratory to complete the same tasks and questionnaires.

Participants
A total of 16 subjects (9 males, mean age 19.81 ± 1.22 years) were included in the experiment. The inclusion criteria 
were healthy individuals with no history of illness or psychological problems, affective disorder, irregular sleep schedule, 
substance addiction, recent travel, shift work, napping habit, sleep duration less than 7h or more than 9h, poor vision, and 
BMI between 19 and 25. Screening questionnaires included the Morning and Evening Questionnaire,20,21 Pittsburgh 
Sleep Quality Index,22–24 Self-rating Anxiety Scale,25,26 General Health Questionnaire,27,28 and Beck Depression 
Inventory.29 Telephone and in-person interviews were conducted for further screening. Additionally, one week before 
the formal experiment, actigraphy and a sleep diary were used to ensure a regular sleep-wake rhythm. The data from 
actigraphy and sleep logs showed that subjects had a bedtime of 11:41 pm ± 17 min, a waking time of 7:38 am ± 24 min, 
an average sleep duration of 7.95 ± 0.54 h, and an average sleep quality score of 3.51 ± 0.72 (1 = very poor, 5 = very 
good). These results confirmed that all subjects had regular sleep habits before the experiment and that both sleep 
duration and sleep quality were at reasonable levels. In the formal experiment, the average sleep time of baseline night, 
1st SR night and 2nd SR night was respectively: 11:40 pm ± 20 min, 11:42 pm ± 18 min, and 11:42 pm ± 13 min, which 
was basically consistent with the usual sleep time. More detailed demographic information of the participants can be 
found in our previous study.19 The study was approved by the ethics committee of the School of Psychology at South 
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China Normal University, and all subjects provided informed consent and were compensated after completing the 
experiment.

Polysomnography
The sleep condition of participants was monitored for five consecutive nights using the Australian Compumedics Greal Series 
sleep monitoring system. The scalp EEG sites (F3, F4, O1, O2, C3, and C4) were paired with contralateral mastoid reference 
electrodes (M1, M2) following the 10–20 system.30 The left and right EOG sites (E1 and E2) were referenced to M1 and M2. 
Additionally, signals such as chin EMG, leg EMG, EKG, nasal/oral airflow, chest and abdominal respiratory effort, and oxygen 
saturation were recorded. Electrode impedance was maintained at ≤5 KΩ for EEG and ≤10 KΩ for EMG and EKG. A low-pass 
filter of 35 Hz and a high-pass filter of 0.3 Hz were applied to all signals, and EEG was sampled at a rate of 200 Hz.

Measures
Sleep Architecture
Sleep stages were scored manually in 30-second epochs using RemLogic software, in accordance with the guidelines of 
the American Academy of Sleep Medicine (AASM) Manual. The study analyzed various sleep parameters, including 
total time in bed (TIB), total sleep time (TST), sleep efficiency (SE), and the amount of time spent in each sleep stage 
(NREM stages 1, 2, and 3, and REM sleep). The results also measured the percentage of time spent in each sleep stage 
(N1 ratio, N2 ratio, N3 ratio, and REM ratio) as a proportion of TST. Furthermore, the study examined SOL, REM 
latency, and WASO.

Sleep EEG
EEG spectral analysis was performed using Brain Vision Analyzer 2.0 software. Prior to formal analysis, PSG signals are pre- 
processed, including normalization, calibration, detrending, and equalization.31,32 Then, the Delta wave (0.5–4.5Hz), Theta wave 
(4.5–8.5Hz), Alpha wave (8.5–12.5Hz), Sigma wave (12.5–15.5Hz), and Beta wave (15.5–30.5Hz) of all-night sleep EEG were 
mathematically transformed into a frequency spectrum using the Fast Fourier Transform (FFT) algorithm.33 The analysis was 
conducted primarily using C3/M2, unless data from C4/M1 was assessed as having fewer artifacts.13 For each epoch, power 
spectral density estimates were computed using Welch’s modified periodogram method (Hamming window; 0.2-Hz bin 
resolution).34

Psychomotor Vigilance Test (PVT)
PVT is a widely used and highly sensitive test for assessing vigilant attention in sleep deprivation studies.35,36 During the 
test, participants are required to respond to a black triangle stimulus on a computer screen by pressing a button 
immediately after seeing it. The stimulus is presented for 1 second, and the stimulus interval ranges from 2 to 10 
seconds. We used median and average reaction times (RT) and number of lapses as indicators of vigilant attention. 
Subjective alertness was also measured using the Karolinska Sleepiness Scale (KSS), which uses a 9-point Likert scale 
ranging from 1 (extremely alert) to 9 (extremely sleepy).37

Go/No-Go Task
It is a common paradigm used to measure inhibitory control levels. Participants were presented with a fixation “+” 
followed by a circle or square stimulus for 500 ms. They were instructed to press the “G” key upon seeing the circle and 
to refrain from responding upon seeing the square. The task included 120 trials, with 75% Go and 25% No-Go trials. We 
utilized commission and omission errors and Go trials RT as dependent variables in our analysis.

Data Analysis
We used the PSG analysis software to analyze the data for the entire night across different sleep conditions to obtain the 
parameters of sleep architecture and sleep EEG. Then, we sorted out all the data using Excel and performed descriptive 
analysis, paired-samples t-tests, repeated measures analysis of variance (ANOVA), correlation analysis, and regression 
analysis using SPSS 22.0 and JASP software.
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Results
Differences of Sleep Architecture Among Baseline and SR Nights
We analyzed the sleep data using AASM guidelines and obtained sleep architecture parameters. Table 1 presents 
descriptive statistics for each parameter. Repeated-measures ANOVA was used to analyze the effects of sleep conditions 
(baseline, 1st SR, 2nd SR) on WASO, SOL, REM latency, and SE. The results showed that WASO was significantly 
lower during the 1st SR (t(15) = 2.432, p = 0.028, Cohen’s d = 0.608) and 2nd SR (t(15) = 3.026, p = 0.009, Cohen’s d = 
0.757) compared to the baseline night. However, there were no significant differences between the two SR nights (p > 
0.05). The main effect of sleep on SOL was not significant (p > 0.05), but there was a trend toward significance between 
the baseline and 2nd SR (p = 0.053). The statistics of REM latency and SE did not differ among sleep conditions (all p > 
0.05). See Figure 1 for more detailed results.

We conducted repeated measures ANOVA to analyze N1, N2, N3, and REM sleep stages under different sleep conditions. 
Significant differences were found for N1 (F(2, 30) = 10.943, p < 0.001, η2

p = 0.422), N2 (F(2, 30) = 65.915, p < 0.001, η2
p = 

0.815), N3 (F(2, 30) = 4.929, p = 0.014, η2
p = 0.247), and REM sleep (F(2, 30) = 26.999, p < 0.001, η2

p = 0.643). Post-hoc 
paired t-tests revealed that N1 sleep was significantly longer during the baseline night than the 1st SR and 2nd nights [t(15) = 
2.333, p < 0.05, Cohen’s d = 0.583; t(15) = 4.365, p < 0.001, Cohen’s d = 1.091], with longer N1 sleep during the 1st SR night 
than the 2nd SR night (t(15) = 2.798, p = 0.014, Cohen’s d = 0.700). N2 sleep was significantly longer during the baseline 
night than the 1st SR and 2nd nights [t(15) = 9.098, p < 0.001, Cohen’s d = 2.275; t (15) = 8.351, p < 0.001, Cohen’s d = 
2.088]. N3 sleep was significantly longer on the 2nd SR night than on the baseline (t(15) = −2.536, p = 0.023, Cohen’s d = 
−0.634) or 1st SR night (t(15) = −2.955, p = 0.010, Cohen’s d = −0.739). REM sleep was significantly shorter on both 1st SR 
night (t(15) = 6.198, p < 0.000, Cohen’s d = 1.549) and 2nd SR night (t(15) = 5.251, p < 0.001, Cohen’s d = 1.313) compared 
to the baseline night. Results are displayed in Figure 1.

Repeated measures ANOVA was also performed for N1 ratio, N2 ratio, N3 ratio, and REM ratio under different sleep 
conditions. The results showed that the proportion of N1 stage sleep was significantly different across different sleep 
conditions (F(2, 30) = 6.799, p = 0.004, η2

p = 0.312), with a significantly lower N1 ratio on the 2nd SR night than on the 
baseline night (t(15) = 3.802, p = 0.002, Cohen’s d = 0.951) and 1st SR night (t(15) = 2.826, p = 0.013, Cohen’s d = 
0.707). The N2 ratio showed a main effect of sleep (F (2, 30) = 5.686, p = 0.008, η2

p = 0.275), with a significantly higher 
N2 ratio on the baseline night than the 2nd SR night (t(15) = 2.747, p = 0.015, Cohen’s d = 0.687) and a trend level 

Table 1 Characteristics of Sleep Architecture During Different Sleep Nights (N = 16)

Baseline Night 1st SR 2nd SR

M SD M SD M SD

TIB (min) 480.00 0.00 360.00 0.00 360.00 0.00

TST (min) 457.75 10.78 343.41 7.08 346.09 5.97

SE (%) 95.4 2.2 95.4 2.0 96.1 1.7
WASO (min) 17.13 8.22 11.81 5.30 10.56 4.98

SOL (min) 5.13 4.11 4.78 3.51 3.34 3.32

REM latency (min) 85.31 44.21 84.47 41.81 79.19 23.70
N1 sleep (min) 12.34 8.73 7.09 6.44 3.56 1.98

N1 ratio (%) 2.70 1.94 2.06 1.89 1.03 0.58

N2 sleep (min) 242.16 34.39 170.84 21.08 162.22 19.91
N2 ratio (%) 52.91 7.46 49.77 6.13 46.89 5.85

N3 sleep (min) 91.78 24.03 90.88 17.80 104.06 14.43

N3 ratio (%) 20.05 5.24 26.45 5.09 30.05 4.09
REM sleep (min) 111.47 20.66 74.59 16.35 76.25 16.65

REM ratio (%) 24.33 4.31 21.70 4.67 22.01 4.70

Abbreviations: TIB, time in bed; TST, total sleep time; SE, sleep efficiency; WASO, awake after sleep onset; SOL, sleep onset 
latency; REM latency, REM sleep onset latency; N1/N2/N3/REM sleep, the amount of time spent in NREM stage 1/stage 2/stage 
3/stage REM; N1/N2/N3/REM ratio, the percentage of time spent in stage 1/stage 2/stage 3/stage REM.
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higher N2 ratio on the baseline night than the 1st SR night (t(15) = 2.128, p = 0.050, Cohen’s d = 0.532). Additionally, 
there was a significant difference in the N3 ratio among sleep conditions (F (2, 30) = 38.169, p < 0.001, η2

p = 0.721), 
with lower N3 ratio on the baseline night compared with the 1st SR night (t(15) = −5.612, p < 0.001, Cohen’s d = −1.403) 
and the 2nd SR night (t(15) = −9.236, p < 0.001, Cohen’s d = −2.309). The N3 ratio was significantly lower on the 1st SR 
night than that on the 2nd SR night (t(15) = −2.934, p = 0.010, Cohen’s d = −0.734). However, no significant differences 

Figure 1 Differences of sleep architecture among baseline and SR nights. 
Notes: ***p < 0.001; **p < 0.01; *p < 0.05. 
Abbreviations: WASO, awake after sleep onset; SE, sleep efficiency; SOL, sleep onset latency; REM latency, REM sleep onset latency; N1/N2/N3/REM sleep, the amount of 
time spent in NREM stage 1/stage 2/stage 3/stage REM; N1/N2/N3/REM ratio, the percentage of time spent in stage 1/stage 2/stage 3/stage REM.
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in the REM ratio were found (p > 0.05), with a marginally significant decrease on the 1st SR night compared with that on 
the baseline night (t(15) = 1.761, p = 0.099, Cohen’s d = 0.440). See results in Figure 1.

Relationship Between Changes in Sleep Architecture During SR Nights and Cognition 
After SR Nights
To investigate the mechanism behind the impact of SR on vigilant attention and inhibitory control, we compared 
differences in sleep architecture and cognitive performance between one or two nights of SR and baseline levels. We 
then estimated correlations between changes in sleep architecture and cognitive performance and performed regression 
analysis on variables with significant correlations.

After one night of SR, there was a significant negative correlation between changes in TST and SE and changes in 
PVT lapse. Regression analysis showed that variations in TST and SE could explain 29.4% and 27.0% of the variance of 
PVT lapse, respectively [R2 = 0.294, F(1, 14) = 5.822, β=−0.542, p = 0.030; R2 = 0.270, F (1, 14) = 5.172, β= −0.519, p = 
0.039]. However, there was a significant positive correlation between changes in WASO and PVT lapse. Regression 
analysis showed that the variance of WASO could account for 32.7% of the variance of lapse (R2 = 0.327, F(1, 14) = 
6.814, β= 0.572, p = 0.021). Meanwhile, there was a significant negative correlation between changes in N2 ratio and 
omission errors of the Go/No-Go, and the variance of N2 ratio could explain 26.3% of the variance of omission errors (R2 

= 0.263, F(1, 14) = 5.005, β= −0.513, p = 0.042). We also found a marginally significant negative correlation between 
changes in TST and median RT of the PVT (p = 0.099), positive correlation between changes in WASO and median RT of 
the PVT, and Go RT of the Go/No-Go (p = 0.059, p = 0.056), and negative correlation between changes in WASO and 
KSS value (p = 0.069). Results are shown in Table 2 and Figure 2.

After two nights of SR, we found significant correlations between sleep measures and performance outcomes. 
Specifically, changes in REM sleep were positively correlated with the KSS score. Regression analysis revealed that 
the length of REM sleep could explain 28.1% of the variance in KSS (R2 = 0.281, F(1, 14) = 5.465, β= 0.530, p = 0.035). 
In contrast, both N1 sleep and N1 ratio were negatively correlated with KSS, with regression analysis indicating that the 
variation of N1 sleep and N1 ratio could explain 39.7% (R2 = 0.397, F(1, 14) = 9.222, β= −0.630, p = 0.009) and 39.5% 
(R2 = 0.395, F(1, 14) = 9.156, β= −0.629, p = 0.009) of the variance in KSS, respectively. Additionally, N2 sleep and N2 
ratio were negatively correlated with Go RT and omission errors in the Go/No-Go task. Regression analysis showed that 
the variation of N2 sleep and N2 ratio could explain 31.2% and 27.6% of the variance in Go RT [(R2 = 0.312, F(1, 14) = 
6.363, β= −0.559, p = 0.024); (R2 = 0.276, F (1, 14) = 5.337, β = −0.525, p = 0.037)] and 35.9% and 36.1% of the 
variance in omission errors [(R2 = 0.359, F(1, 14) = 7.858, β = 0.600, p = 0.014); (R2 = 0.361, F (1, 14) = 7.896, β = 
0.601, p = 0.014)], respectively. On the other hand, N3 sleep and N3 ratio were positively correlated with Go RT, and the 
variation of N3 sleep and N3 ratio could explain 25.4% and 28.5% of the variance in RT, respectively [(R2 = 0.254, F(1, 
14) = 4.755, β= 0.504, p = 0.047); (R2 = 0.285, F(1, 14) = 5.577, β= 0.534, p = 0.033)]. There was also a significant 
positive correlation between N3 ratio and omission errors, with the variance of N3 ratio explaining 26.2% of the variance 
in omission errors (R2 = 0.262, F(1, 14) = 4.972, β= 0.512, p = 0.043). Moreover, there was a marginally significant 
positive correlation between WASO and mean RT and median RT of PVT, respectively (p = 0.055, p = 0.082). There was 
also a marginally significant negative correlation between SE and PVT lapses (p = 0.096). In addition, we found 
marginally significant positive correlations between N3 sleep and omission errors (p = 0.091), and between REM ratio 
and KSS (p = 0.089). Finally, both REM sleep and REM ratio were marginally significantly positively correlated with 
omission errors (p = 0.091, p = 0.068). Results are shown in Table 2 and Figure 3.

Differences of Sleep EEG Power Density Among Baseline and SR Nights
Repeated measures ANOVA showed that there were significant differences in delta wave power density among different 
sleep conditions (during the whole night of baseline, 1st SR, 2nd SR; F (2, 30) = 4.441, p = 0.020, η2

p = 0.228). Paired 
sample t-test further showed that the power density of delta at baseline was significantly lower than that after 1st SR (t 
(15) = −2.491, p = 0.025, Cohen’s d = −0.623) and 2nd SR (t(15) = −2.748, p = 0.015, Cohen’s d = −0.687), while no 
significant differences were found between 1st SR and 2nd SR (p > 0.05). Similarly, the differences in theta wave power 
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Table 2 Relationship Between Changes in Sleep Architecture During SR Nights and Cognition After SR Nights

TST WASO SE SOL REM 
Latency

REM 
Sleep

REM 
Ratio

N1 
Sleep

N1 
Ratio

N2 
Sleep

N2 
Ratio

N3 
Sleep

N3 
Ratio

PVT
Mean RT 1st SR −0.115 0.124 −0.072 0.044 0.022 0.128 0.216 0.049 0.006 −0.048 −0.152 −0.169 −0.058

2nd SR −0.315 0.488+ −0.357 −0.380 0.228 0.127 0.180 0.282 0.340 −0.353 −0.333 0.252 0.266

Med RT 1st SR −0.427+ 0.481+ −0.412 0.114 0.040 0.082 0.226 −0.065 −0.059 −0.094 −0.182 −0.161 0.010
2nd SR −0.296 0.448+ −0.329 −0.330 0.146 0.030 0.043 −0.046 0.007 −0.211 −0.175 0.251 0.291

Lapse 1st SR −0.542* 0.572* −0.519* 0.235 0.111 −0.172 −0.036 −0.141 −0.147 0.048 0.011 −0.106 0.100

2nd SR −0.371 0.348 −0.430+ 0.133 0.223 −0.129 −0.100 −0.161 −0.136 0.125 0.145 −0.181 −0.089
KSS

KSS 1st SR 0.417 −0.465+ 0.340 −0.122 0.261 0.283 0.145 −0.323 −0.278 −0.053 −0.007 0.124 −0.048

2nd SR 0.254 −0.284 0.159 0.025 0.129 0.530* 0.439+ −0.630** −0.629** −0.350 −0.311 0.343 0.206
Go/No-Go

Go RT 1st SR −0.380 0.487+ −0.357 −0.033 −0.019 0.038 0.058 0.379 0.385 −0.366 −0.277 0.159 0.154

2nd SR −0.238 0.386 −0.245 −0.330 −0.298 0.382 0.356 −0.104 −0.043 −0.559* −0.525* 0.504* 0.534*
Omission errors 1st SR −0.024 0.147 −0.006 −0.274 0.183 0.259 0.268 0.309 0.351 −0.423 −0.513* 0.213 0.254

2nd SR −0.369 0.345 −0.382 0.137 −0.150 0.437+ 0.468+ −0.085 −0.041 −0.600* −0.601* 0.437+ 0.512*

Commission errors 1st SR −0.174 0.178 −0.165 0.090 −0.039 0.021 0.075 −0.079 −0.108 −0.099 −0.162 0.075 0.202
2nd SR −0.223 0.134 −0.215 0.272 −0.143 0.246 0.305 0.413 0.401 −0.142 −0.172 −0.340 −0.281

Notes: **p < 0.01; *p < 0.05; +p < 0.10. 
Abbreviations: TST, total sleep time; WASO, awake after sleep onset; SE, sleep efficiency; SOL, sleep onset latency; REM latency, REM sleep onset latency; N1/N2/N3/REM sleep, the amount of time spent in NREM stage 1/stage 2/stage 
3/stage REM; N1/N2/N3/REM ratio, the percentage of time spent in stage 1/stage 2/stage 3/stage REM.
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density among different sleep conditions showed a trend toward significance (F(2, 30) = 2.832, p = 0.075, η2
p = 0.159). 

The power density of theta wave at baseline was significantly lower than that after 1st SR (p < 0.05), and marginally 
significantly lower than that after 2nd SR (t(15) = −1.890, p = 0.078, Cohen’s d = −0.473), while there were no 
significant differences between 1st SR and 2nd SR (p > 0.05). See results in Figure 4.

There were no significant differences in alpha wave power density among different sleep conditions (p > 0.05). The 
power density of alpha wave at baseline was significantly lower than that after 1st SR (t(15) = −2.157, p = 0.048, Cohen’s 
d = −0.539). Similarly, there were no significant differences in sigma or beta (all p > 0.05) wave power density among 
different sleep conditions. Nevertheless, the power density of beta wave at baseline was marginally significantly lower 
than that after 1st SR (p = 0.074). Results are shown in Figure 4.

Relationship Between Changes in Sleep EEG Power Density During SR Nights and 
Cognition After SR Nights
To investigate how SR affects cognition through sleep EEG power density, we compared baseline levels of sleep EEG 
power density and cognitive performance with those after one or two nights of SR. We then examined correlations 
between changes in sleep EEG power density and cognitive performance and conducted regression analysis on variables 
with significant correlations.

After one night of SR, we found that the change in delta wave power density had a significant positive correlation 
with the change in mean and median RT in the PVT but a significant negative correlation with the change in KSS value. 
Regression analysis revealed that the variation in delta wave power density could explain 41.5% of the variation in mean 
RT (R2 = 0.415, F(1, 14) = 9.943, β = 0.644, p = 0.007), 51.7% in median RT (R2 = 0.517, F(1, 14) = 14.979, β = 0.719, 
p = 0.002), and 28.7% in KSS (R2 = 0.287, F(1, 14) = 5.642, β = −0.536, p = 0.032). The change in theta wave power 
density had a significant negative correlation with the change in KSS, with an explanation of 28.7% (R2 = 0.287, F(1, 14) 
= 5.622, β = −0.535, p = 0.033). The change in alpha wave power density had a significant negative correlation with the 

Figure 2 Scatter plots of the relationship between changes in sleep architecture during 1st SR nights and changes in cognition after 1st SR night. The relationship between 
(A) Δ SE and Δ lapse; (B) Δ TST and Δ lapse; (C) Δ WASO and Δ lapse; (D) Δ N2 ratio and Δ omission errors. 
Abbreviations: SE, sleep efficiency; TST, total sleep time; WASO, awake after sleep onset; N2 ratio, the percentage of time spent in stage 2.
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Figure 3 Scatter plots of the relationship between changes in sleep architecture during 2nd SR nights and changes in cognition after 2nd SR nights. The relationship between 
(A) Δ N1 sleep and Δ KSS; (B) Δ N1 sleep and Δ KSS; (C) Δ N2 sleep and Δ Go RT; (D) Δ N2 ratio and Δ Go RT; (E) Δ N2 sleep and Δ omission errors; (F) Δ N2 ratio and 
Δ omission errors; (G) Δ N3 sleep and Δ Go RT; (H) Δ N3 ratio and Δ Go RT; (I) Δ N3 ratio and Δ omission errors; (J) Δ REM sleep and Δ KSS. 
Abbreviations: N1/N2/N3/REM sleep, the amount of time spent in NREM stage 1/stage 2/stage 3/stage REM; N1/N2/N3 ratio, the percentage of time spent in stage 1/stage 
2/stage 3.
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change in KSS and a significant positive correlation with the change in Go/No-Go omission errors. The variation in alpha 
wave power density could explain 36.3% of the variation in KSS (R2 = 0.363, F(1, 14) = 7.975, β = −0.602, p = 0.014) 
and 39.8% of the variation in omission errors (R2 = 0.398, F(1, 14) = 9.242, β = 0.631, p = 0.009). Additionally, the 
change in alpha wave power spectral density had a marginally significant positive correlation with the change in mean 
and median RT of the PVT (p = 0.051; p = 0.059). The changes in delta wave and theta wave power density had 
marginally significant positive correlations with the changes in omission errors (p = 0.075; p = 0.054). Results are shown 
in Table 3 and Figure 5. Then, we performed Shapiro–Wilk normality tests for the power spectral densities of various 
different waves.38 It was found that the power spectral density of the delta wave did not conform to the normal 
distribution (p < 0.05). We performed the square root transformation of the normal distribution and then performed 
the regression analysis again. Regression analysis revealed that the variation in delta wave power density could explain 

Figure 4 Differences of sleep EEG power density among baseline and SR nights. 
Note: *p < 0.05.

Table 3 Relationship Between Changes in Sleep EEG Power Density During SR Nights and Cognition After SR Nights

1st SR 2nd SR

Delta Theta Alpha Sigma Beta Delta Theta Alpha Sigma Beta

PVT

Mean RT 0.644** 0.307 0.495+ 0.069 −0.124 0.470+ 0.262 0.244 0.257 0.242
Median RT 0.719** 0.413 0.481+ 0.247 0.203 0.171 0.053 0.023 0.055 −0.031

Lapse 0.405 0.077 0.135 0.170 0.326 −0.029 −0.020 −0.018 −0.012 −0.043
KSS

KSS −0.536* −0.535* −0.602* 0.050 0.226 −0.243 −0.480+ −0.439+ −0.322 −0.249

Go/No-Go
Go RT 0.200 0.217 0.328 0.392 0.151 0.064 −0.155 −0.226 −0.299 −0.359

Omission errors 0.457+ 0.490+ 0.631** 0.296 −0.150 0.057 −0.262 −0.288 −0.279 −0.296

Commission errors 0.112 0.267 0.074 0.141 0.391 0.073 0.070 0.085 0.126 0.242

Notes: **p < 0.01; *p < 0.05; +p < 0.10.
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30.8% of the variation in mean RT (R2 = 0.308, F(1, 14) = 5.794, β = 0.555, p = 0.032), 42.7% in median RT (R2 = 0.427, 
F(1, 14) = 9.700, β = 0.654, p = 0.008), and 28.0% in KSS (R2 = 0.280, F(1, 14) = 5.045, β = −0.529, p = 0.043), which is 
basically consistent with the results before the normal transformation (all ps < 0.05).

After two nights of SR, we found a significant positive correlation between changes in power spectral density of delta 
waves and changes in mean RT of PVT. Specifically, the variation in delta wave power density accounted for 22.1% of 
the variance in mean RT (R2 = 0.221, F(1, 14) = 3.973, β = 0.470, p = 0.066). Additionally, we observed marginally 
significant negative correlations between changes in power spectral density of theta and alpha waves and changes in 
KSS. The variation in power spectral density of theta and alpha waves explained 23.0% (R2 = 0.230, F(1, 14) = 4.192, β 
= −0.480, p = 0.060) and 19.3% (R2 = 0.193, F(1, 14) = 3.341, β = −0.489, p = 0.089) of the variance in KSS, 
respectively. See detailed results in Table 3 and Figure 6. Then, we also performed Shapiro–Wilk normality tests for the 
power spectral densities of various different waves.38 It was found that the power spectral density of all the waves did not 
conform to the normal distribution (p < 0.05). We performed the square root transformation of the normal distribution 
and then performed the regression analysis again. Results found that the variation in delta wave power density accounted 
for 22.4% of the variance in mean RT (R2 = 0.224, F(1, 14) = 4.047, β = 0.474, p = 0.064), and the variation in power 

Figure 5 Scatter plots of the relationship between changes in sleep EEG power density during 1st SR night and changes in cognition after 1st SR night. The relationship 
between (A) Δ delta and Δ mean RT; (B) Δ delta and Δ median RT; (C) Δ delta and Δ KSS; (D) Δ theta and Δ KSS; (E) Δ alpha and Δ KSS; (F) Δ alpha and Δ omission errors.
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spectral density of theta and alpha waves explained 22.4% (R2 = 0.224, F(1, 14) = 4.045, β = −0.473, p = 0.064) and 
17.7% (R2 = 0.177, F(1, 14) = 3.009, β = −0.421, p = 0.105) of the variance in KSS, respectively. These results are 
basically consistent with the results before the normal transformation.

Discussion
Differences of Sleep Architecture Among Baseline and SR Nights
Our study found that longer periods of SR were associated with a decrease in N1, N2, and REM sleep stages, which is 
consistent with previous research.39 However, we also found an increase in N3 sleep stage, which suggests 
a compensatory mechanism. Additionally, we observed a decrease in WASO and an increase in SE with longer periods 
of SR and a gradual increase in SE and a gradual decrease in SOL and REM latency as the duration of SR increased. 
These findings are consistent with prior studies showing shorter N1, N2, REM, and WASO, but higher SE during SR.13 

However, one study found only minor changes in sleep architecture during 14 days of SR.11

Relationship Between Changes in Sleep Architecture During SR Nights and Cognition 
After SR Nights
We found that sleep restriction-induced change in TST, WASO, SE, REM, REM ratio, N3, N3 ratio, N2, and N2 ratio is 
associated with cognition. Specifically, poorer vigilant attention was associated with shorter TST, longer WASO, and 
lower SE, while impaired inhibitory control was associated with longer REM and N3, higher REM ratio and N3 ratio, 
shorter N2, and lower N2 ratio. The relationship between sleep architecture and cognitive performance was inconsistent 
with a previous study that reported poorer executive function and attention performance being associated with lower 
REM ratio and higher N1 ratio, with no significant correlation between N2 ratio, SWS, and cognitive performance.15 

Differences in the age of study participants and the duration of sleep deprivation could explain the inconsistency. 

Figure 6 Scatter plots of the relationship between changes in sleep EEG power density during 2nd SR nights and changes in cognition after 2nd SR nights. The relationship 
between (A) Δ delta and Δ mean RT; (B) Δ theta and Δ KSS; (C) Δ alpha and Δ KSS.
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Blackwell et al found that physiological indicators of sleep were slower than behavioral performances during wakeful-
ness to respond to long-term SR, which may explain the moderate correlation between changes.15

Differences of Sleep EEG Power Density Among Baseline and SR Nights
Delta wave power density significantly increased during the first and second nights of SR compared to baseline, 
consistent with prior research.9,40 Moreover, the power density of delta waves increased slightly during the first few 
nights of SR and remained stable during the next few nights of SR.6,11

Theta and alpha wave power density significantly increased on the first night of SR, with a trend towards significance 
on the second night. Previous studies found that after total sleep deprivation, there was a significant increase in theta and 
alpha wave activity,41,42 with more alpha activity in the left frontal lobe in the sleep-deprived group.43 In another study of 
total sleep deprivation in women, alpha wave activity dropped, and theta wave activity increased during resting state, 
while theta wave activity appeared to decline during task state.44 The inconsistencies might be due to differences in the 
duration of SR or EEG measurement.

Sigma waves are a characteristic feature of N2 sleep and play a crucial role in cognitive function.45,46 Greater sleep 
spindle activity is generally associated with better cognitive performance.18 However, in our study, we found no 
significant differences in the spectral density of the sigma band under various sleep conditions. This contradicts earlier 
studies which showed decreased sigma activity after two or four consecutive nights of 4-hour SR.5,6 One possible 
explanation for this discrepancy is that the 6-hour sleep limit in our study may not have been sufficient for spindles to 
provide cognitive protection. For instance, a study on SR in adolescents revealed that four consecutive nights of SR (9, 8, 
7, 6, or 5 hours, respectively) did not affect sigma activity.

Relationship Between Changes in Sleep EEG Power Density During SR Nights and 
Cognition After SR Nights
After the first night of SR, we observed a significant positive correlation between changes in delta waves and the mean 
and median RT of the PVT. These results suggest that an increase in delta waves following SR could lead to slower 
responses. This finding is consistent with previous studies demonstrating that an increase in SWS after sleep deprivation 
is linked to reduced alertness.47 In addition, we observed a positive correlation between the increase in alpha wave power 
density and omission errors in the Go/No-Go. This association may be due to individual differences among participants 
or caused by reduced sleep time due to sleep restriction. For example, previous research has shown that patients with 
insomnia have impaired inhibitory control, and insomnia duration is an important factor affecting the abnormal theta 
rhythm and alpha rhythm of patients, and the abnormal rhythm of patients with insomnia duration of more than 3 years is 
particularly obvious.48

However, after two nights of SR, the correlation between delta wave change and the mean RT of PVT change is 
weakened, and the correlation between theta and alpha and KSS is also weakened. There are two possible reasons for the 
difference in the degree of correlation between changes in sleep EEG and changes in cognitive tasks after the first 
and second night of sleep restriction. Firstly, on the first night of sleep restriction, the reduction of sleep duration may 
cause significant changes in the mean value of sleep EEG throughout the whole night, as well as cognitive performance 
on the next day, while on the second night of sleep restriction, the changes in sleep EEG may not be as significant as on 
the first night. Besides, an additional uncertainty factor of daylight time is added (there may be adaptation or other 
confounding variables involved). These combined factors may cause the predictive power of sleep EEG to gradually 
weaken. Second, EEG parameters may vary between individuals and at different nights within individuals. Sleep EEG 
parameters may be correlated with behavioral parameters to some extent, but more studies and samples are needed to 
verify this correlation in the future.49,50 For instance, a study found no significant association between changes in driving 
performance and changes in EEG after total sleep deprivation,42 suggesting that individual differences in EEG para-
meters may not be useful in predicting driving performance on the road.

These findings suggest that sleep EEG and cognitive performance underwent significant changes after the first night 
of SR. However, the predictive power of EEG diminished after the second night, possibly due to the influence of other 
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confounding factors. Furthermore, given the variability of fluctuations over time, it may be challenging to detect 
significant correlations between the two parameters. Moreover, individual differences in EEG parameters may be too 
significant to predict behavioral parameters accurately.

Limitations and Future Directions
The study has several limitations. Firstly, the two consecutive nights of SR were relatively mild. Future studies could 
consider increasing the number of nights, as Reynolds et al stated that at least four nights of SR are needed to provide 
a more reliable estimate of spindle density.51 Secondly, individual differences, which are common in both adults and 
children,52–54 were not considered and require further research. Thirdly, due to the complexity of sleep experiment 
operation, the sample size of the experiment is relatively small. Future studies can expand the sample size to further 
verify the results and conclusions of this study. Moreover, other EEG measurement indicators such as duration and 
amplitude in different frequency bands are needed to thoroughly discuss, as one study found significant differences in the 
duration and amplitude of spindles after different durations of SR.18

Conclusion
In summary, sleep restriction impaired cognitive performance (including inhibition control during the Go/No-Go task and 
vigilant attention during the PVT), and altered sleep architecture and sleep EEG. Poorer performance was associated with 
longer WASO, a larger proportion of N3 sleep, and a smaller proportion of N2 sleep, as well as increased power spectral 
density of delta waves. Findings from the present study suggest that changes in sleep architecture and EEG signatures 
may contribute to cognitive impairment caused by sleep restriction or indicate persisting sleep pressure during subse-
quent wakefulness.
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