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Purpose: To investigate changes and links of stress and high sleep reactivity (H-SR) on the macro-structure and orderliness of sleep 
and cortisol levels in good sleepers (GS).
Patients and Methods: Sixty-two GS (18–40 years old) were recruited, with 32 in the stress group and 30 in the control group. Each 
group was further divided into H-SR and low SR subgroups based on the Ford Insomnia Response to Stress Test. All participants 
completed two nights of polysomnography in a sleep laboratory. Before conducting polysomnography on the second night, the stress 
group completed the Trier Social Stress Test and saliva was collected.
Results: The duration of NREM sleep stages 1, 2 (N1, N2) and rapid eye movement sleep (REM) decreased, and the values of 
approximate entropy, sample entropy, fuzzy entropy, and multiscale entropy increased under stress and SR effects. Stress increased 
rapid eye movement density, and H-SR increased cortisol reactivity.
Conclusion: Stress can damage the sleep and increase cortisol release in GS, especially those with H-SR. N1, N2 and REM sleep are 
more easily affected, while NREM sleep stage 3 sleep is relatively stable.
Keywords: cortisol, entropy, insomnia, polysomnography, sleep reactivity, stress

Introduction
Insomnia, which is a widespread sleep disorder accompanied by a public health issue, has attracted an increasing amount 
of attention in recent years.1 Nowadays, the number of people with insomnia is increasing and the average age of people 
with insomnia is getting lower; this situation is of great concern.2,3 Good and sufficient sleep are crucial for maintaining 
normal physiological and psychological functions. Patients with long-term insomnia often show severe impairments of 
physical and mental functions, including decreased immunity, underpowered academic performance, memory loss, 
impaired glucose tolerance, increased risks of cardiovascular disease and stroke, and a greater risk of mental 
disorders.4–7 Therefore, it is very important to improve the quality of sleep and reduce the incidence of insomnia; 
therefore, preventing the onset and development of insomnia should be a top priority. However, it remains difficult to 
complete these tasks as the pathogenesis of insomnia remains unclear.

Many hypotheses have been proposed to understand the mechanisms underlying insomnia. The “3P” model emphasizes 
the interaction of three factors (predisposing, precipitating, and perpetuating factors) in the onset and development of 
insomnia.8 The point of the neurocognitive model is basically the same as the “3P” model, but it emphasizes the concept of 
cortical arousal.9 Hyperarousal is a comprehensive concept, which believes that insomnia is the result of the interaction 
between cognitive-behavioral and neurobiological factors.10 Adverse cognition leads to insomnia, and maladaptive 
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behaviors maintain acute insomnia, turning it to a chronic state. Correspondingly, the changes in cortisol and other 
neurotransmitters after stress events will change the activity of neurons in sleep-related brain regions, and eventually 
lead to long-term cortical hyperarousal. The abnormal cortisol and elevated high frequencies of electroencephalogram 
(EEG) power in insomnia patients suggesting the existence of somatic arousal and cortical arousal, indicating that insomnia 
patients have characteristic sleep markers.11,12 However, these biological markers have not been well characterized in those 
predisposed for insomnia. Research on this problem may help us to understand the pathogenesis of insomnia.

Sleep reactivity (SR), the degree of sleep disturbance caused by stress exposure, has been used to reflect susceptibility 
to insomnia.13 The response of the sleep system to stress is affected by multiple factors, including genetic factors, family 
history, female gender, and environmental stress.14 Thus, differences in SR stem from a person’s innate and heritable 
diatheses. Individuals with different SRs show different characteristics due to their diverse physical and psychological 
diatheses in the face of the same stress conditions. For people with low SR (L-SR), their sleep is relatively stable; even if 
they are hit by stress during the day, their sleep condition may not be disturbed continuously. For people with high SR 
(H-SR), experiencing stress during the day is more likely to lead to sharp changes in their sleep at night, and prolong the 
duration of disturbed sleep.15 However, little information is available on the neurobiological basis of H-SR. It is 
speculated that it may be potentially related to the disruption of cortical network, and the imbalance of the autonomic 
nervous system and hypothalamus–pituitary–adrenal (HPA) axis.14

Bruno et al demonstrated that emotional impairment secondary to poor sleep quality determines the shift towards 
maladaptive coping strategies under stress of the COVID19-related lockdown.16 Recently, a prospective study on nurses 
by Yoo et al found that both H-SR and “stress reactivity” can predict insomnia, and the ability to predict insomnia is 
stronger when the two are combined.17,18 However, the “stress reactivity” in this study referred to the stress response that 
occurs under condition of sleep disturbance. The stress reactivity and its interaction with sleep reactivity in H-SR good 
sleepers (GS) have received little attention before the onset of insomnia. The HPA axis is traditionally a physiological 
marker of stress and arousal. Cortisol, as the main effector of the HPA axis, can reflect the stress reactivity of 
individuals.19 At present, the results of the cortisol curves in H-SR GS and insomnia patients are mixed, leading to 
inconclusive results.20–22 However, hyperactivity of the HPA axis is still considered as an important indicator of 
insomnia, which has attracted widespread attention.21 Thus, it is interesting to study the cortisol secretion curve after 
exposure to stress in the individuals with different SRs.

Polysomnography (PSG), a common standard method to evaluate sleep, can display the macro-structure of sleep, and 
the electroencephalogram (EEG) components of PSG allow for measurement of oscillations on a continuum of sleep– 
wake states, which is the micro-structure of sleep.23 Most studies used a linear analysis to evaluate the micro-structure, 
for example, using a spectrum analysis to measure EEG frequency. However, existing studies have shown that brain 
oscillations are not a linear combination of arbitrary frequency components, but rather have nonlinear characteristics.24 

The quantification of nonlinear characteristics of sleep physiology shows a substantial advantage in monitoring the 
changes in normal sleep physiology with age and pathological conditions.25 Therefore, it is possible to use a nonlinear 
analysis method to study the sleep microstructure using sleep EEG in H-SR GS.

Entropy is a nonlinear analysis method that can be used to evaluate the repeatability of EEG waveforms; that is, it can 
describe the complexity of EEG signals. The more complex the EEG signals are, the greater the entropy will be. The 
characteristics of entropy responses vary in different stages of the sleep–wake state. Due to the high complexity of EEG 
signals, the entropy value of EEG signals during wakefulness and rapid eye movement (REM) sleep are significantly 
higher than that during non-REM (NREM) sleep,26,27 implying that the increased value of entropy represents the disorder 
of orderliness.28 Therefore, individuals with poor sleep quality should have higher values of EEG entropy than GS. Some 
indicators of sleep structure based on entropy are positively correlated with the arousal index, total sleep time (TST), and 
sleep efficiency (SE), and have advantages over these indexes in capturing additional sleep time patterns.29 Abnormal 
plasticity of intrinsic function, as indicated by entropy, is significantly linked to the insomniac severity in patients with 
insomnia.30 Compared with L-SR GS, H-SR GS are more likely to have difficulty in falling asleep and increased number 
of arousals (NA),31 which is similar to the high arousal state in insomnia patients. Thus, H-SR GS may have a more 
activated brain state and disordered sleep orderliness at night, especially after stress. However, changes in the values of 
entropy, which represent sleep orderliness, have not been reported in H-SR GS after stress.
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The Trier Social Stress Test (TSST) is a reliable bio-psychological tool used to detect the effects of acute stress on 
human psychological and physiological functions.32 It is suitable for healthy people and has been used in many studies 
since the early 1990s.32 Compared with some exogenous stressors, the TSST can induce endogenous stress responses and 
reliably increase the activation of the HPA axis;33,34 therefore, the TSST is robust and credible.

In the present study, we hypothesized that stress exposure may affect the macro-structure and orderliness of sleep, and 
salivary cortisol levels in H-SR GS, which may be related to the interaction between stress and H-SR. We used the TSST 
as a stressor and monitored changes in salivary cortisol levels in the GS as well as their sleep during the night after stress 
in an attempt to investigate the changes and links of the macro-structure and orderliness of sleep and cortisol levels in 
healthy young adults under SR and stress effects.

Materials and Methods
Participants
In this study, 64 healthy volunteers were recruited (most were graduate students). Participants were randomly divided 
into two groups, a stress group (n = 32) and a control group (n = 32). The healthy volunteers who participated in the 
experiment were recruited via social media platforms. The inclusion criteria were as follows: (1) aged between 18 and 40 
years; (2) satisfaction with their own sleep and reported normal sleep for at least 1 year, with a Pittsburgh Sleep Quality 
Index (PSQI) < 7;35 (3) good physical and psychological health; and (4) good sleep habits. The exclusion criteria were as 
follows: (1) cardiovascular disease, liver or kidney disease, endocrine disease, nervous system disease, mental disease, or 
sleep disorders; (2) night-shift workers or those with abnormal schedules; (3) pregnancy or lactation; (4) infectious or 
inflammatory diseases in the prior 2 weeks; and (5) a history of smoking or alcohol abuse. According to the exclusion 
criteria, two volunteers in the control group were excluded because of obstructive sleep apnea syndrome, and a total of 62 
volunteers finally participated in the experiment.

Experimental Flow
Before the experiment, professionals collected the general data of all participants (including age, sex, and body mass 
index [BMI]) and had a conversation with them to understand the sleep and emotional status of each participant in the 
past year and complete all scales. The experiment was divided into two nights: the first night of PSG was used to help 
participants adapt to the laboratory environment to exclude first-night effects. Participants were asked to keep a regular 
sleep schedule for 1 week prior to the experiment and to not use alcohol, caffeine, tobacco, and other sleep-affecting 
substances within 24 h before the experiment. Participants arrived at the laboratory 2 h before their habitual sleep time. 
All participants in the stress group completed the TSST test in the second night before PSG evaluation.

Sleep Reactivity Assessment
Assessment of SR was completed using the Ford Stress Insomnia Response Test (FIRST),36 consisting of nine questions. 
Participants self-assessed the possibility of sleep difficulties after experiencing nine common stress situations. The scale 
is divided into four scores (1–4 points), ranging from none to severe. The higher the score, the higher the SR. Referring 
to previous studies, we used a score of 16 as the criterion to distinguish between susceptible and non-susceptible 
participants.37

Assessment of Emotional State
Depression
The 17-item Hamilton Depression Rating Scale (HAMD-17) was used to evaluate the degree of depression of the 
participants. The total score of HAMD-17 ranges from 0 to 52. The higher the score, the more severe the depressive 
symptoms. HAMD-17 < 7 indicates that the participants have no depressive symptoms.38
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Anxiety
The 14-item Hamilton Anxiety Scale (HAMA-14) were used to evaluate the degree of anxiety of the participants. The 
total score of HAMA-14 ranges from 0 to 56. Higher scores reflect greater anxiety. HAMA-14 < 7 indicates that the 
participants have no anxiety symptoms.39

Assessment of Sleep
Subjective Sleep
The PSQI was used to evaluate sleep quality in the participants over the prior month. The 19 items comprising in the 
score included sleep quality, sleep latency (SL), sleep duration, habitual SE, sleep disturbances, use of sleep medication, 
and daytime dysfunction over the prior month. Each component is scored on a scale of 0–3, and the cumulative score of 
the components is the total PSQI score, ranging from 0 to 21. The higher the score, the worse the sleep quality. In China, 
PSQI < 7 indicates good sleep quality.35

Objective Sleep
All participants completed PSG (Grael, Condi, Australia) during their habitual bedtimes. The next day, the same 
professionally trained staff uploaded the data to the computer and composed sleep reports according to the standard of 
the American Academy of Sleep Medicine Manual for the Scoring of Sleep and Associated Events (version 2.4) frame by 
frame (30 s/frames). We monitored the TST; the total duration of wakefulness after sleep onset (WASO); SE; SL; REM 
sleep latency (REM-L); duration of REM sleep and NREM sleep stages 1, 2, and 3 (N1, N2, and N3), and their relative 
percentages of the TST; and REM density (the number of rapid eye movements divided by the REM sleep duration40). 
Wakefulness is the time window between the start of EEG recording and sleep onset.

Approximate entropy (ApEn) was used to assess the irregularity of the time sequence data. Sample entropy (SampEn) 
was used as an improvement on ApEn, which was designed to reduce the error of ApEn, so that it was more accurate. 
Fuzzy entropy (FuzzEn) further improves the limitations of SampEn and retains the consistency of SampEn with 
a reduced data processing time. Multiscale entropy (MSE) analysis was based on SampEn to quantify the entropy 
over different time scales. These four entropies have similar physical meanings.24,26 This study was performed on C3-M2 
signaling. The calculation formula can be found in these references.26,41

Stress Assay
The TSST was used as a stressor (the process is shown in Figure 1). It mainly includes three aspects: cortisol 
measurement, a 5-min speech task, and a 5-min surprise mental arithmetic task. After arriving in the laboratory, the 
participants rested in room 1 and gargled glucose solution. After 20 min, the participants were brought into room 2. The 
staff introduced the task to the participants and gave them 5 min to prepare. Then, the participants performed the speech 
task in front of three staff members for 5 min. A 5-min mental arithmetic task was performed immediately after the 
speech task was over. The participants were asked to count down from 1022 in intervals of 13. A quick and accurate 
completion of this task was required. They were asked to restart from the beginning if they committed any errors. After 

Figure 1 The operation process of the Trier Social Stress Test.
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the experiment, the staff took the participants back to room 1, explained the purpose of the experiment to them, and give 
the participants a 35-min period for recovery. During the experiment, we collected saliva specimens at the following time 
points: −20 min, +1 min, +15 min, +30 min (“−20 min” means 20 min before the end of the TSST, “+1 min” means 1 
min after the end of the TSST).42

Salivary Cortisol Measurement
All participants in the stress group were instructed to not eat and drink (except water), perform strenuous exercise, or use 
dental floss or brush their teeth within 1 h before the start of the experiment. Women were asked to avoid the usage of 
any contraceptives and were tested during the same period in the menstrual cycle. Saliva specimens were collected at 
time points using a saliva collection device (Salivettes®; Sarstedt, Nümbrecht, Germany) following the TSST. Specimens 
were stored at −20 °C until testing. Before analysis, specimens were thawed and centrifuged at 1000 × g for 5 min. 
Cortisol levels were determined according to the manufacturer’s instructions (ELISA®; ALPCO Diagnostics, Salem, NH, 
USA) using an enzyme-linked immunosorbent assay.

Statistical Analysis
SPSS software (v21.0; IBM Corp., Armonk, NY, USA) was used to analyze the data. All data were screened for outliers 
and missing values before statistical analysis and tested for normality and homogeneity of variance. The data that 
followed a normal or an approximately normal distribution are expressed by mean ± standard deviation, and those that 
did not follow a normal distribution are expressed in quartiles [P50 (P25, P75)]. Differences between background data 
were assessed using the chi-squared test, one-way analysis of variance (ANOVA), and the Kruskal–Wallis H-test. 
Differences between objective sleep parameters and entropy values were compared using a two-way ANOVA and the 
Scheirer–Ray–Hare test. A two-way repeated measures of analysis of covariance (ANCOVA) was used to analyze 
salivary cortisol levels. The t-test was used to analyze differences in cortisol levels at each time points between the H-SR 
and L-SR groups after stress.

Results
Background Data
Participant background information is shown in Table 1. There were no significant differences in sex, age, BMI, or PSQI 
among the four groups (P > 0.05). There were significant differences in the FIRST scores among the groups [H (3,62) = 
46.081, P < 0.001]; FIRST scores were significantly higher in the H-SR stress group than in the L-SR stress group [H 
(1,32) = 4.567, P < 0.001], and FIRST scores in the H-SR control group was significantly higher than in the L-SR control 
group [H (1,30) = 5.022, P < 0.001].

Table 1 Background Data of All Participants

Items Stress Groups Control Groups Statistics P-values

H-SR L-SR H-SR L-SR

Sex (male/female) 7/8 7/10 6/8 9/7 X2 = 0.877 0.831

Age (yr.) 24.0 (23.0, 25.0) 25.0 (24.0, 26.0) 25.0 (24.5, 30.0) 24.5 (24.0, 28.5) H = 4.806 0.187
BMI (Kg/m2) 21.0±2.3 21.5±2.0 21.5±2.2 22.8±3.1 F = 1.638 0.190

PSQI (scores) 3.3±1.4 2.9±1.2 3.3±1.5 3.0±1.5 F = 0.314 0.815

HAMD-17 (scores) 4.5±1.3 3.8±1.3 4.4±1.3 3.8±1.5 F = 1.097 0.358
HAMA-14 (scores) 4.5±1.2 3.5±1.5 4.1±1.5 3.4±1.7 F = 1.821 0.153

FIRST (scores) 18.0 (16.0, 24.0)# 13.0 (10.0, 14.0) 19.9±3.2# 12.1±2.3 H = 46.081 < 0.001

Notes: Normally or approximately normally distributed variables are presented as mean ± standard deviation and were analyzed using parametric 
tests; non-normally distributed variables are presented as P50 (P25, P75) and were analyzed using non parametric tests; # indicates a significant 
difference between the H-SR group and the L-SR group (P < 0.05). 
Abbreviations: FIRST, Ford Insomnia Response to Stress Test; HAMA-14, 14-item Hamilton Anxiety Scale; HAMD-17, 17-item Hamilton Depression 
Rating Scale; H-SR or L-SR, high or low sleep reactivity; PSQI, Pittsburgh Sleep Quality Index.
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Objective Sleep Parameters
Stress Effect
There were significant stress effects on the TST [F (1,62) = 14.130, P < 0.001], SL [H (1,62) = 6.000, P = 0.014], N1 [F 
(1,62) = 4.344, P = 0.042], N2 [H (1,62) = 6.915, P = 0.009], REM-L [H (1,60) = 4.011, P = 0.045], REM% [F (1,60) = 4.362, 
P = 0.041], and REM density [F (1,58) = 8.155, P = 0.006]. Compared with the non-stressed group, stressed participants 
showed significantly lower TST, N1, N2, and REM%, and increased SL, REM-L, and REM density.

SR Effect
There were significant SR effects on the TST [F (1,62) = 18.383, P < 0.001], WASO [H (1,62) = 22.523, P < 0.001], SL [H 
(1,62) = 4.760, P = 0.029], SE [H (1,62) = 22.805, P < 0.001], N1% [F (1,62) = 9.709, P = 0.003], N2 [H (1,62) = 9.116, P = 
0.003], REM-L [H (1,60) = 4.854, P = 0.028], and REM% [F (1,60) = 4.566, P = 0.037]. Compared with participants with 
L-SR, those with H-SR had significantly lower TST, N2, and REM%, and increased WASO, N1%, SL, and REM-L, as 
well as poorer SE.

A significant interaction of stress × SR on REM was observed [F (1,60) = 4.811, P = 0.032]. A further simple effect 
analysis showed that REM was significantly lower after stress in participants with H-SR, while there was no significant 
change in REM after stress in participants with L-SR. In the unstressed conditions, there were no significant difference in 
REM between H-SR and L-SR groups; however, REM was significantly shorter in participants with H-SR than in those 
with L-SR after stress (Table 2 and Figure 2).

Entropy Values
Stress Effect
There were significant stress effects on the ApEn [F (1,62) = 6.733, P = 0.012], SampEn [F (1,62) = 5.338, P = 0.024], 
FuzzEn [H (1,62) = 4.447, P = 0.035], and MSE [F (1,54) = 8.834, P = 0.005] during wakefulness; ApEn [F (1,62) = 5.805, 
P = 0.019], SampEn [F (1,62) = 6.148, P = 0.016], FuzzEn [H (1,62) = 4.805, P = 0.028], and MSE [F (1,54) = 11.929, P = 
0.001] during N1 sleep; and MSE [H (1,54) = 3.901, P = 0.048] during N2 sleep. Compared with the non-stressed 
participants, stressed participants showed an increase in these entropy values.

SR Effect
There were significant SR effects on the ApEn [F (1,62) = 15.993, P < 0.001], SampEn [F (1,62) = 7.981, P = 0.006], 
FuzzEn [H (1,62) = 3.913, P = 0.048], and MSE [F (1,54) = 13.797, P < 0.001] during wakefulness; ApEn [F (1,62) = 4.276, 
P = 0.043] and MSE [F (1,54) = 6.822, P = 0.012] during N1 sleep; and ApEn [F (1,62) = 4.222, P = 0.044], SampEn [H 
(1,62) = 4.728, P = 0.030], FuzzEn [H (1,62) = 4.061, P = 0.044], and MSE [H (1,54) = 9.830, P = 0.002] during N2 sleep. 
Compared to participants with L-SR, those with H-SR showed an increase in these entropy values (Table 3).

Salivary Cortisol Levels in the Stressed Group
The statistical comparisons of the participants’ salivary cortisol levels at the four time points are shown in Figure 3. Two- 
way repeated measures of ANCOVA with sex and age as covariates suggested a significant main effect of time [F (1,31) = 
4.480, P < 0.05]. The differences between the groups were statistically significant (P < 0.05). For the H-SR group, the 
salivary cortisol levels at “+15” and “+30” were significantly higher than those at “−20”; however, those at “+1” were 
not. For the L-SR group, the salivary cortisol levels at “+15” were significantly higher than those at “−20”, and those at 
“+1” and “+30” were not. Salivary cortisol levels in both groups peaked at “+15” and were higher than at “+30”. There 
was no difference in cortisol levels between the two groups at “−20” and “+1”, and cortisol levels in the H-SR group 
were significantly higher than those in the L-SR group at “+15” and “+30” (Table 4).

Discussion
The present study confirmed that there are differences in sleep among healthy people with different SR. The participants 
with H-SR were more likely to have decreased N1 and N2, fragmented REM, reduced sleep orderliness, and a stronger 
cortisol response after acute stress.
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Table 2 The Effects of Stress and Sleep Reactivity on Objective Sleep Parameters

Items Stress Groups Control Groups Stress Effect SR Effect Stress × SR

H-SR L-SR H-SR L-SR Statistics P values Statistics P values Statistics P values

TST (min) 321.0±65.7 414.0±69.4 405.8±67.9 445.6±33.5 F = 14.130 < 0.001 F = 18.383 < 0.001 F = 2.947 0.091

WASO (min) 65.0 (36.5, 107.5) 14.0 (10.8, 31.0) 72.3 (39.9, 112.5) 23.5 (14.5, 34.3) H = 0.699 0.403 H = 22.523 < 0.001 H = 0.238 0.625

SE (%) 74.8±14.1 92.7 (90.5, 96.1) 85.9 (80.0, 90.1) 93.0 (88.8, 95.4) H = 1.132 0.287 H = 22.805 < 0.001 H = 0.910 0.340
SL (min) 31.4±20.6 9.0 (5.3, 16.3) 10.9±8.2 7.0 (4.5, 10.4) H = 6.000 0.014 H = 4.760 0.029 H = 2.312 0.128

REM-L (min) 111.5 (91.9, 228.4) 89.5 (70.3, 146.0) 92.5 (72.8, 152.3) 76.8 (64.5, 99.4) H = 4.011 0.045 H = 4.854 0.028 H = 0.092 0.762

REM (min) 43.3±21.4 76.8±23.9 76.5±27.6 88.1±12.1 F = 9.588 0.003 F = 11.678 0.001 F = 4.811 0.032
REM density 7.3±2.6 6.8±2.1 5.2±1.9 5.8±1.8 F = 8.155 0.006 F = 0.013 0.909 F = 0.951 0.334

N1 (min) 37.8±19.1 34.6±14.8 51.0±22.9 40.1±13.3 F = 4.344 0.042 F = 2.455 0.123 F = 0.751 0.390

N2 (min) 173.0 (137.5, 209.5) 221.0 (175.0, 278.3) 217.8 (186.8, 244.5) 234.3 (222.0, 260.8) H = 6.915 0.009 H = 9.116 0.003 H = 0.762 0.383
N3 (min) 63.3±26.3 82.9±38.6 70.9±35.4 81.4±29.5 F = 0.129 0.721 F = 3.228 0.078 F = 0.294 0.590

REM% 13.3±5.9 18.3±5.0 18.2±5.3 18.8±3.9 F = 4.362 0.041 F = 4.566 0.037 F = 2.720 0.105

N1% 11.3±4.1 8.5±3.5 12.8±5.6 9.1±3.2 F = 1.036 0.313 F = 9.709 0.003 F = 0.185 0.669
N2% 53.8±8.2 52.5±9.7 52.2±6.2 54.0±6.6 F = 0.002 0.968 F = 0.018 0.893 F = 0.584 0.448

N3% 19.9±7.9 20.7±9.8 17.8±8.0 18.1±5.8 F = 1.389 0.243 F = 0.076 0.784 F = 0.014 0.906

Notes: Normally or approximately normally distributed variables are presented as mean ± standard deviation and were analyzed using two-way ANOVA; non-normally distributed variables are presented as P50 (P25, P75) and were 
analyzed using Scheirer–Ray–Hare test; Significant results (P < 0.05) are in bold. 
Abbreviations: H-SR or L-SR, high or low sleep reactivity; N1–3, non-rapid eye movement sleep stages 1–3; N1–3%, percentage of sleep stage 1–3; REM and REM%, rapid eye movement sleep and its percentage; REM-L, REM sleep 
latency; SE, sleep efficiency; SL, sleep latency; TST, the total sleep time; WASO, the cumulative duration of wakefulness after sleep onset.
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Changes in Objective Sleep in GS Under Stress and SR Effects
Previous studies have shown that increased stress in daily life can lead to a prolongation of SL, an increase of WASO, 
and a decrease of SE.43 Healthy people with H-SR were more likely to show these phenomena under more stress and had 
an increased risk of acute insomnia.44 Moreover, studies have found that stress can significantly shorten REM in GS with 
H-SR and tended to shorten N1 and N2.45 In the present study (Table 2), the shortening of TST in GS with H-SR after 
stress was mainly caused by a decrease in N1, N2, and REM, but it was not related to N3. However, N1% had increased 
with unchanged in N2%. We speculate that the reason for this result may be related to the lack of sleep stability in the 
H-SR people. Sleep instability causes frequent night awakenings, leading to continuous interruption of sleep and usually 
company repeated onset of sleep from the beginning. These results suggested that shallow sleep and REM are more likely 
to be affected, while deep sleep is relatively stable These results were consistent with previous studies.43–45

What is most interesting to us is the shortening of REM, which has many unfavorable effects. First, poor REM causes 
subjectively poor sleep, resulting in complaints and concerns about sleep.46 Second, REM, as a very important sleep 
stage, can regulate negative emotions,47 transform and integrate daytime memories,48,49 and consolidate learning 
outcomes during the day.50 Changes in REM can cause mood swings, weaken the stability of memory, and affect 
learning efficiency. For the present sample, which consisted of young people, those with H-SR were more likely to have 
shortened REM sleep duration and were more susceptible to these adverse consequences after stress.

REM density refers to the frequency of eye movements during REM, which is an indicator of sleep quality.51 REM density 
increases when sleep time is too long, and the arousal threshold decreases. When entering deep sleep, the REM density is also 
reduced. Hence, REM density may be related to the level of arousal.52 In the present study, the REM density of healthy people 
increased significantly after stress (Table 2). This suggests that REM sleep in GS may be more likely to be interrupted, and that 
they were more susceptible awakening in the night after stress.

The present results (decreases in REM sleep duration and increases in REM density) indicated that GS with H-SR 
usually experience REM fragmentation after stress, which is an important feature of chronic insomnia.53 In other words, 
because GS with H-SR have a constitutional predisposition to insomnia, the additive effects of stressful events will 
greatly increase the incidence of insomnia.54 One reason for REM fragmentation in GS with H-SR may be the increase of 
cortisol levels before bedtime. Another possible explanation for this is that REM fragmentation is associated with 
emotional impairment. Bruno et al have pointed out that this impairment may lead to maladaptive coping strategies, 
making acute insomnia become chronic.16 However, their participants received long-term chronic stress of the 
COVID19-related lockdown, while in our study, we used one-time acute stress. So further research is needed to prove 
this view. For patients with chronic insomnia, it was found that those with H-SR usually showed lower resilience, and 
their ability to overcome stress was also relatively weak, which might also have a negative impact on the regulation of 

Figure 2 Sleep structure of the four groups; (A) time and (B) percentage. 
Abbreviations: H-SR or L-SR, high or low sleep reactivity; N1–3, non-rapid eye movement sleep stage 1–3; REM, rapid eye movement sleep.
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Table 3 The Effects of Stress and Sleep Reactivity on EEG Entropy

Items Stress Groups Control Groups Stress Effect SR Effect Stress × SR

H-SR L-SR H-SR L-SR Statistics P values Statistics P values Statistics P values

Wakefulness ApEn 0.99±0.04 0.93±0.05 0.94±0.05 0.91±0.06 F = 6.733 0.012 F = 15.993 < 0.001 F = 1.014 0.318

SampEn 1.51±0.19 1.32±0.22 1.36±0.18 1.25±0.20 F = 5.338 0.024 F = 7.981 0.006 F = 0.756 0.388
FuzzEn 1.04±0.17 0.93±0.17 0.92 (0.83, 0.96) 0.82 (0.75, 1.02) H = 4.447 0.035 H = 3.913 0.048 H = 0.690 0.406

MSE 0.76±0.08 0.68±0.09 0.69±0.07 0.61±0.06 F = 8.834 0.005 F = 13.797 < 0.001 F = 0.001 0.970

REM ApEn 0.81±0.12 0.75±0.15 0.77±0.07 0.75±0.07 F = 0.006 0.940 F = 1.014 0.318 F = 1.216 0.275

SampEn 0.88 (0.75, 1.07) 0.77 (0.67, 0.99) 0.86±0.12 0.82±0.12 H = 0.010 0.919 H = 1.293 0.256 H = 0.746 0.388

FuzzEn 0.61 (0.55, 0.75) 0.56 (0.49, 0.66) 0.60±0.07 0.58±0.07 H = 0.438 0.508 H = 1.312 0.252 H = 1.054 0.305
MSE 0.52 (0.46, 0.61) 0.50±0.14 0.50±0.04 0.46±0.05 H = 0.171 0.680 H = 2.087 0.149 H = 0.886 0.346

N1 ApEn 0.95±0.07 0.88±0.08 0.87±0.07 0.86±0.09 F = 5.805 0.019 F = 4.276 0.043 F = 1.750 0.191
SampEn 1.34±0.27 1.16±0.27 1.12±0.18 1.09±0.24 F = 6.148 0.016 F = 2.590 0.113 F = 1.732 0.193

FuzzEn 0.89 (0.76, 0.93) 0.73 (0.68, 0.98) 0.75±0.11 0.74±0.15 H = 4.805 0.028 H = 2.302 0.129 H = 1.265 0.261

MSE 0.69±0.10 0.62±0.11 0.59±0.07 0.53±0.07 F = 11.929 0.001 F = 6.822 0.012 F = 0.077 0.782

N2 ApEn 0.81±0.13 0.73±0.13 0.74±0.08 0.70±0.10 F = 2.236 0.140 F = 4.222 0.044 F = 0.693 0.409

SampEn 0.83 (0.77, 1.21) 0.75 (0.65, 0.94) 0.83±0.14 0.78±0.19 H = 0.834 0.361 H = 4.728 0.030 H = 0.251 0.616
FuzzEn 0.58 (0.55, 0.81) 0.52 (0.47, 0.66) 0.58±0.08 0.55±0.11 H = 1.479 0.224 H = 4.061 0.044 H = 0.372 0.542

MSE 0.49 (0.44, 0.64) 0.44 (0.39, 0.52) 0.47±0.06 0.40±0.06 H = 3.901 0.048 H = 9.830 0.002 H = 0.521 0.471

N3 ApEn 0.47 (0.42, 0.71) 0.44 (0.38, 0.75) 0.51±0.10 0.48±0.10 H = 0.088 0.766 H = 1.242 0.265 H = 0.478 0.489

SampEn 0.48 (0.39, 0.77) 0.41 (0.36, 0.84) 0.51±0.13 0.47±0.12 H = 0.033 0.856 H = 1.137 0.286 H = 0.029 0.864

FuzzEn 0.36 (0.32, 0.52) 0.33 (0.29, 0.59) 0.38±0.07 0.37±0.07 H = 0.041 0.840 H = 0.986 0.321 H = 0.073 0.786
MSE 0.28 (0.25, 0.41) 0.26 (0.23, 0.45) 0.27±0.05 0.25±0.05 H = 0.685 0.408 H = 2.503 0.114 H = 0.176 0.675

Notes: Normally or an approximately normally distributed variables are presented as mean ± standard deviation and were analyzed using two-way ANOVA; non-normally distributed variables are presented as P50 (P25, P75) and were 
analyzed using Scheirer–Ray–Hare test; Significant results (P < 0.05) are in bold; Wakefulness is the time window between the start of EEG recording and sleep onset. 
Abbreviations: ApEn, approximate entropy; FuzzEn, fuzzy entropy; H-SR or L-SR, high or low sleep reactivity; MSE, multiscale entropy; N1–3, non-rapid eye movement sleep stages 1–3; REM, rapid eye movement sleep; SampEn, sample 
entropy.
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mood and arousal. It may be possible to prevent the onset of stress-induced insomnia with interventions, such as 
meditation and exercise, among others, to help those with a high-risk for insomnia to enhance their stress resilience.55–57

Changes in Sleep Orderliness in GS Under Stress and SR Effects
As an indicator of EEG complexity, entropy can be used to quantify levels of awareness and consciousness, especially 
regarding differences between normal waking consciousness and states of reduced consciousness. As a result, when 
consciousness is weakened, EEG complexity decreases.58 Entropy can also help to evaluate the repeatability of EEG 
waveforms, such that it could reflect the orderliness and regularity of EEG waveforms during sleep. When the 
dimensional values of entropy increase, the orderliness of EEG decreases, and the waveforms become more 
irregular.58 Although entropy is an important measure in the study of EEG signals, there are few studies in the field of 
somnology at present. The current results (Table 3) showed that healthy people had increased ApEn, SampEn, FuzzEn, 

Figure 3 Changes in salivary cortisol levels at four time points during the Trier Social Stress Test. 
Notes: Statistical analysis was performed using Two-way repeated measures of ANCOVA; The four time points are −20 min, 1 min, 15 min, and 30 min relative to the end of 
the test. 
Abbreviation: H-SR or L-SR, high or low sleep reactivity.

Table 4 Differences in Cortisol Levels at Each Time Points 
Between the H-SR and L-SR Groups

Items H-SR L-SR Statistics P

−20 8.2±1.4 7.7±1.2 t = 1.210 0.236
+1 8.9±1.6 8.0±1.6 t = 1.599 0.121

+15 10.7±1.1 9.5±1.3 t = 2.622 0.014
+30 9.5±1.6 8.1±1.7 t = 2.510 0.018

Notes: Normally or approximately normally distributed variables are presented 
as mean ± standard deviation and were analyzed using the t-test; Significant 
results (P < 0.05) are in bold; The four time points are −20 min, 1 min, 15 min, 
and 30 min relative to the end of the test. 
Abbreviation: H-SR or L-SR, high or low sleep reactivity.
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and MSE during wakefulness; ApEn and MSE during N1; and MSE during N2 in both conditions of stress and H-SR. 
Increases in SampEn and FuzzEn during N1 only occurred under stress, and increases in FuzzEn during N2 only 
occurred in participants with H-SR. It has been suggested that the GS with H-SR show disrupted sleep orderliness and 
regularity, more complex brain activity, and more hyper-excitability before falling asleep after stress. The increase of 
entropy during wakefulness and sleep after stress may be due to the higher level of pre-sleep cortisol and slower recovery 
in the H-SR people, leaving the brain in a state of high arousal. The increase of SL under stress and H-SR effects also 
support this point. However, these changes may be reversible. It has been shown that after superficial acupuncture 
treatment for patients with primary insomnia, the value of ApEn was lowered relative to in the resting state.59 In another 
study, the MSE value decreased in people with insomnia symptoms during wakefulness and stage 1 of NREM sleep after 
experiencing beat frequency vibrations.60

Interestingly, in the current study, we found that N3 may be more stable than other sleep stages. Similar to the PSG 
parameters of the N3 stage, the dimensional values of entropy during N3 did not change significantly (Table 2 and Table 3). 
This indicated that, in GS with H-SR, N1, N2, and REM sleep are the first to be affected after stress, and stressful events in 
daily life, as brought about by the TSST, do not affect deep sleep. However, in our related clinical works, we found that 
patients with chronic insomnia disorder often show shortened stage N3, and some patients even show no N3 stage during 
sleep.61 These findings may suggest a natural trajectory of insomnia development in healthy individuals, that is, N1, N2, 
and REM sleep are the components disrupted first in prodromal period of insomnia disorder, and N3 may be conserved until 
the later stage of illness process.

Cortisol Responses in GS with H-SR After Stress
Activation of the HPA axis is an important indicator explaining the hyperarousal hypothesis of insomnia. Cortisol, as the 
main product of the HPA axis, has attracted considerable attention. Therefore, the cortisol response curves in healthy 
young people under stress can help us to understand the pathophysiological changes in patients with prodromal insomnia.

The present results showed that there was no difference in baseline cortisol levels between H-SR and L-SR before 
stress. GS with H-SR showed stronger salivary cortisol responses than those with L-SR after experiencing the same 
stress. Furthermore, even after the same recovery time, salivary cortisol levels in the GS with H-SR did not return to 
baseline levels as quickly as those in the GS with L-SR (Figure 3). This further suggested that people with different SR 
may have different stress reactivity. For GS with H-SR, the resilience of their stress system may be less than that of GS 
with L-SR. Therefore, before the H-SR GS develop into insomnia patients, there may express dysregulation of the stress 
system. Although our study showed such results, the literature on the response of salivary cortisol under stressor 
exposure in H-SR GS and insomnia patients are mixed, due to the different subtypes of insomnia and stressors. 
Vgontzas et al hypothesized that hyperactivity of the HPA axis mainly exists in the insomnia subtypes who have 
objective short sleep duration. This hypothesis is consistent with the relevant evidence, that is, the high level of 24-h 
urinary cortisol is related to the increase in total wake time in patients with chronic insomnia. Patients with insomnia 
whose objective sleep duration is less than 5 h have higher levels of cortisol in the morning than those who sleep more 
than 5 h.21 In a study by Chen et al, it was found that the cortisol response in H-SR GS tended to increase compared with 
L-SR GS after stress.20 However, in the study of Reffi et al, it was believed that cortisol response was passivated in 
people with a higher risk of insomnia.22 In fact, this situation may be caused by over-activation of the HPA axis under the 
action of long-term stress experiences, a state existing in people with chronic insomnia disorder, resulting in allostatic 
overload and blunted stressor reactivity.62–64 In our study, the towering cortisol response curve of the H-SR GS may be 
because the participants are younger and have not experienced long-term sleep disorders and stress. Moreover, the 
personality characteristics of H-SR GS may be the key mediating factors. A more “neurotic” personality magnifies the 
emotions they perceive in the face of stress events, which causes emotional arousal. This leads to physiological activation 
and makes their stress reactivity stronger.21,54,65

Limitations
The primary limitation of the present study is the sample size; it was small, and we did not conduct a follow-up of the 
participants to determine whether their sleep returned to normal after undergoing stress. This was due to complications 
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from the COVID-19 pandemic. It is also impossible to know the likelihood and severity of insomnia in people with 
different SR in the future. Second, most of the participants in the present study were graduate students who have received 
a long-term good education and were relatively young in age, thus, our results cannot easily be generalized to other 
populations. Finally, the exploration of the neurobiological mechanisms of insomnia was limited in the present study. 
These should be improved upon in later studies.

Conclusion
In the present study, we found that under both the stress effect and the SR effect, the duration of shallow sleep was 
shortened in GS, and entropy values during wakefulness and shallow sleep increased. In particular, REM sleep was 
fragmented under the interaction of the two effects. However, WASO, SL, and SE were only affected by the SR effect. 
Under mild-to-moderate stress, cortisol responses were stronger in participants with H-SR compared to those with L-SR. 
Stress and H-SR play driving roles in the development of insomnia.
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