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Abstract
Background: Nonrestorative sleep is a common sleep disorder with a prevalence ranging from 1.4 to 35%, and is
associated with various psychological and physical health issues. Noise exposure and noise sensitivity have been
proposed to contribute to nonrestorative sleep. This study aimed to examine the relationships among noise, noise
sensitivity, nonrestorative sleep, and physiological sleep parameters in Chinese adults.
Methods: A cross-sectional household survey was conducted with randomly selected Chinese adults based on a
frame stratified by geographical districts and types of quarters in Hong Kong. We administered a battery of
questionnaires, including the Nonrestorative Sleep Scale, the Weinstein Noise Sensitivity Scale, the ENRICHD Social
Support Instrument, the Patient Health Questionnaire, and the Perceived Stress Scale to assess nonrestorative sleep,
noise sensitivity, social support, somatic symptoms and stress, respectively. Anxiety and depression were evaluated
by the Hospital Anxiety and Depression Scale while sociodemographic and lifestyle characteristics were assessed
with an investigator-developed sheet. Nocturnal noise level and physiological sleep parameters were measured
during nighttime for a week by noise dosimetry and actigraphy, respectively. A structured multiphase linear
regression was conducted to estimate associations.
Results: A total of 500 adults (66.4% female) with an average age of 39 years completed this study. Bivariate
regressions showed that age, marital status, occupation, family income, season, exercise, cola and soda
consumption, social support, somatic symptoms, stress, depression, noise sensitivity, total sleep time, and
awakenings were associated with nonrestorative sleep. In the multivariable analysis, family income, season, exercise,
social support, somatic symptoms, stress, and depression remained associated with nonrestorative sleep. Specifically,
a one-unit increase of noise sensitivity was associated with 0.08 increase in nonrestorative sleep (95% confidence
interval [CI]: 0.01, 0.15, p = 0.023). Nocturnal noise was negatively associated with time in bed (b = − 1.65, 95% CI: −
2.77, − 0.52, p = 0.004), total sleep time (b = − 1.61, 95% CI: − 2.59, − 0.62, p = 0.001), and awakenings (b = − 0.16,
95% CI: − 0.30, − 0.03, p = 0.018), but was not associated with nonrestorative sleep.
Conclusions: Nonrestorative sleep was predicted by noise sensitivity in addition to family income, season, exercise,
social support, somatic symptoms, stress, and depression.
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Background
Nonrestorative sleep refers to the feeling of being unrefreshed and restless upon waking up [1] and was listed
as a symptom of primary insomnia [2]. However, nonrestorative sleep can occur without other insomnia
symptoms [3]. In the Diagnostic and Statistical Manual
of Mental Disorders-Fifth Edition (DSM-V), individuals
may be diagnosed as “other specified insomnia disorder”
or “unspecified insomnia disorder” when they report
nonrestorative sleep without any other sleep disorders
[4]. The prevalence of nonrestorative sleep among the
general adult population varies from 1.4 to 35% [1]. In
Hong Kong, the prevalence and persistence of nonrestorative sleep in adults were reported to be 8 and 31.9%,
respectively, which were determined based on a single
question about nonrestorative sleep [5]. This unrefreshed feeling may cause fatigue and reduced physical
capacity during the day, which may hinder work performance and cause occupational injury [6]. Individuals
with nonrestorative sleep also experience reduced psychological well-being and more suicidal ideation [7].
Moreover, several chronic diseases were demonstrated
to be highly associated with nonrestorative sleep [8].
Therefore, nonrestorative sleep has gained increasing attention as a potential target of treatment intervention
[3]. However, the cause of nonrestorative sleep is still
unclear. With reference to the social-ecological model of
sleep health, factors from individual, social and societal
levels should be considered when identifying the determining factors of sleep problems [9].
Noise pollution is ranked one of the world’s largest environmental problems, second only to air pollution [10].
In Hong Kong, it is one of the most complained about
environmental issues [11]. Noise exposure from transportation, construction, community, or social sources
has posed a serious burden to humans. The negative
health effects induced by noise, such as hearing loss,
hypertension, sleep, and cognitive impairment, have
been well studied, with a growing number of noiserelated additional health problems and diseases [12–15].
For example, it was estimated that more than 30% of the
European people were exposed to nocturnal noise levels
greater than 55dBA, and 903,000 disability-adjusted life
years were lost owing to noise-induced sleep disturbance
[12]. The hypothesized link between the physical, auditory stimulus of noise and non-auditory, physiological
health effects has been based on the general stress
model. Specifically, noise may induce annoyance that results in the release of stress-related cortisol, leading to
various adverse physiological and psychological changes
[12, 16]. This link also applies to sleep [17]. The release
of cortisol can hinder the production of melatonin and
then disturb sleep [18]. Interruption of sleep and the adverse physiological and psychological changes may
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establish a vicious cycle that exacerbates sleep disorders
and health problems [19, 20].
Moreover, people who were more sensitive to noise
might be more vulnerable to the impact of noise when
exposed to the same noise level as others with less sensitivity, reflected by increases in annoyance, and physical
and mental health problems. Noise sensitivity is a stable
trait that refers to increased reactivity to noise in general
[21, 22]. It was also proposed to be associated with emotional responses, especially a tendency to negative feelings of sensations, events and self [22]. In the general
population, it was estimated that 20 to 40% of individuals were sensitive to noise, and 12% were highly sensitive to noise [23]. Noise sensitivity might impact health
directly or moderate the association between noise and
health [24]. A previous study suggested that it was the
subjective response to noise or susceptibility to noise,
such as noise annoyance or noise sensitivity, respectively,
that explained the association of sleep quality complaints
after excess noise exposure rather than objective noise
itself [25]. Although it has been reported that people
who were more tolerant of noise experienced less nonrestorative sleep [26], the mechanism underlying the potential effect of noise sensitivity on nonrestorative sleep
remains unclear. It may be that one is more reactive to
noise during the night, which is consistent with the
stress model for the non-auditory impact of noise. However, one may not experience emotional responses when
asleep [27]. A previous study also indicated a much
stronger relationship between noise sensitivity and sleep
problems than that mediated by annoyance, which was
related to the “stress” activity [28]. Therefore, we hypothesized there was a direct association between noise
sensitivity and nonrestorative sleep.
In addition to noise, some other factors were proposed to correlate with sleep and stress. For instance,
more somatic symptoms, anxiety and depression were
associated with a higher risk of nonrestorative sleep
as well as a higher stress level [29, 30]. Conversely,
exercise and social support were found to be protective factors for sleep problems and to be stress relievers [31–33]. Moreover, lifestyle factors such as
consumption of caffeine and diseases such as obstructive sleep apnea might impact nonrestorative
sleep through its influences on sleep initiation or
sleep maintenance which can also cause stress feelings
[34–36]. To conclude, despite the mechanism of nonrestorative sleep is still unclear, we propose that
sociodemographic characteristics, lifestyle, noise, noise
sensitivity, as well as individual physical and psychological conditions, might act as stressors that cause
stress-related physiological activities, and/or act as
moderators that impact nonrestorative sleep, with
possible direct associations in addition to stress.
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To the best of our knowledge, the impact of environmental factors such as noise on nonrestorative sleep, the
interaction of noise with personal factors, and the relationship between physiological sleep parameters and
nonrestorative sleep still remain to be studied. Furthermore, no study had controlled for factors such as nocturnal noise, stress, depression, and physiological sleep
parameters before assessing the association between
noise sensitivity and nonrestorative sleep. Moreover, no
study used validated scales to assess nonrestorative sleep
when examining its association with noise sensitivity,
which may have resulted in low measurement sensitivity
and reliability. Hence, this study aimed to examine the
association of noise, noise sensitivity with nonrestorative
sleep and physiological sleep parameters, and the moderating effect of noise sensitivity, among Chinese adults in
Hong Kong. We hypothesized that higher noise exposure and noise sensitivity would be associated with higher
nonrestorative sleep and physiological sleep parameters,
and that there would be an interaction effect between
noise and noise sensitivity.

Methods
Participants

A total of 500 individuals aged 18 years and older who
could understand and read Chinese were recruited. We
excluded those who were deaf, needed hearing aids, had
psychiatric illnesses, took pills or other medical treatments for sleep, were pregnant, had children under 2
years of age, were unwilling or unable to wear an ActiGraph GT9X Link, or were unwilling or unable to assess
nocturnal noise exposure.
Sample size calculation was first based on the assessment of an estimated 30 factors associated with nonrestorative sleep or noise sensitivity and, using the usual
rule of thumb of 10 participants per independent variable, a minimum of 300 participants were required. Second, to assess the moderating effect of noise sensitivity,
we considered a conservative error of 0.1 on the standardized interaction effect, which, using a 95% confidence interval (CI), indicated a minimum sample size of
396. Hence, we planned to recruit 500 participants after
considering the possibility of participants drops out.
During recruitment, we approached 1625 individuals before 500 individuals consented to participate in this
study. We excluded 584 individuals due to ineligibility.
Moreover, 227 declined to participate and 314 were not
at home more than 5 times during household visits.
Sampling design and survey methodology

This was a population-based cross-sectional household
survey conducted in Hong Kong from February 2018 to
September 2019. The household sampling began by first
obtaining a sample list based on the frame of quarters
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maintained by the Hong Kong Census and Statistics Department, which is the most complete, up-to-date, and
authoritative sampling frame available in Hong Kong.
Records of household addresses were organized in quarters and stratified by geographical districts and types of
quarters. A systematic sampling design with fixed sampling intervals and non-repetitive random numbers was
then applied to obtain a random sample of quarters. For
the quarters selected, all households residing in the
quarters were included in the survey.
Before household visits took place, notification letters
outlying the study details, planned visit times, and interviewer identities were mailed to all targeted households.
During the household visits, the eligibility criteria were
assessed and written informed consent was obtained before taking study measurements.
After providing consent, a research assistant calibrated
a noise dosimeter (Spark 706RC, Larson Davis Inc., US)
or a sound level meter (NSRT Mk2, Convergence Instruments, Canada) using a CAL150 (Larson Davis Inc., US)
at 94dBSPL and helped to identify an appropriate location for positioning the device. Each participant was
then shown how to wear an ActiGraph GT9X Link
(ActiGraph, US) strapped securely to the non-dominant
wrist for a week and completed a battery of self-report
questionnaires. After a week, another household visit
was made to collect the devices and to distribute shopping coupons valued at HK$300 (around US$40) to each
participant.
Ethics approval of this study was obtained from the Institutional Review Board of the University of Hong
Kong/Hospital Authority Hong Kong West Cluster (Ref
no.: UW17–011).
Measurements
Objective measurements

Nocturnal noise exposure Spark 706RC or the NSRT
Mk2, both meeting American National Standards Institute (ANSI) S1.4, was used to record sound intensity
levels for seven consecutive days to indicate nocturnal
noise exposure [37]. It was placed on a stable surface
within 2 m from where a participant slept and close to
participant ear level during sleep and recorded Aweighted energy equivalence levels, set at 1-min intervals. Nocturnal noise exposure was calculated as the
average equivalent continuous sound pressure level from
00:00 to 8:00 (LAeq, 8h).
Actigraphy Objective physiological sleep parameters, including sleep latency, sleep efficiency, time in bed (TIB),
total sleep time (TST), wake after sleep onset (WASO),
and awakenings and average awakenings, were measured
by ActiGraph GT9X Link, and calculated by ActiLife
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(ActiGraph, US) using the Cole-Kriple algorithm, which
has been validated among adults [38, 39]. The results of
actigraphy have been demonstrated to be consistent with
those of polysomnography [39]. Participants were required to wear for seven consecutive days, and a valid
record required recording from at least four weekdays
and one weekend day. Data obtained from the ActiGraph GT9X Link were corroborated by a sleep diary
where participants recorded the time they went to bed
and the time they woke up every day. Sleep latency was
the duration between time in bed and the first minute
that the algorithm scored “asleep” [38, 39]. TIB was calculated as the duration between time in bed and time
out of bed, and TST refers to the total duration scored
as “asleep” [38]. Sleep efficiency was the TST divided by
the TIB [38]. WASO was the total time that the participants were awake after sleep onset and awakenings were
the number of awakening episodes during the night,
while average awakenings refers to the average duration
of all awakening episodes [38].
Subjective measurements

Nonrestorative sleep scale (NRSS) The Chinese version of the NRSS which includes four domains, namely,
refreshment from sleep (e.g., Usually, do you think your
sleep is restoring or refreshing?), the physical/medical
symptoms of nonrestorative sleep (e.g., Do you feel that
physical or medical problems are dragging you down),
daytime functioning (e.g., What is your usual level of
daytime energy?), and the affective symptoms of nonrestorative sleep (e.g., Do you feel depressed or down if you
didn’t sleep well the night before?), has been demonstrated to be a valid and reliable instrument for measuring nonrestorative sleep [40]. The coefficient omega of
the global score of the Chinese scale was 0.92 [40]. NRSS
scores were standardized on a 0–100 scale, with higher
scores indicating less nonrestorative sleep (i.e., better restorative sleep).
Weinstein noise sensitivity scale (WNSS) The WNSS
was developed to assess noise sensitivity. The traditional
18-item Chinese version of WNSS has been verified to
be a reliable and valid scale to assess noise sensitivity
[41]. Each item (e.g., I am easily awakened by noise) was
rated on a 6-point Likert scale with a total score ranging
from 18 to 108. This score was then standardized to a
0–100 scale. A higher total score indicates more sensitivity toward noise. The Chinese WNSS had a Cronbach’s
alpha of 0.83 [41].
ENRICHD social support instrument (ESSI) Social
support was assessed via the ESSI. The Chinese version
of ESSI consists of 6 items (e.g., Is there someone
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available to help with daily chores?), with each item
rated on a 1–5 scale. The global score ranges from 6 to
30, with higher scores indicating a higher level of social
support [42]. The internal consistency of the Chinese
version scale is satisfactory (Cronbach’s alpha = 0.79)
[42].
Patient health questionnaire (PHQ-15) Psychosomatic
symptoms were assessed using the Chinese version of
the PHQ-15, which has been validated in a Chinese
population [43]. It addresses 15 somatic symptoms (e.g.,
stomach pain), each assigned a score ranging from 0
(not bothered at all) to 2 (bothered a lot). The items
cover the most prevalent DSM-IV somatization disorder
somatic symptoms. The Chinese PHQ-15 had a Cronbach’s alpha of 0.79 [43].
Perceived stress scale (PSS) The Chinese 10-item PSS
was adopted to assess the level of stress in participants.
The 10-item version has been demonstrated to have better validity and reliability than the 14-item and 4-item
scales. Six of the ten items were positively worded (e.g.,
How often have you been upset because of something
that happened unexpectedly”) and the other four items
were negatively worded (e.g., How often have you felt
confident about your ability to handle your personal
problems?). Positive items were reversed-scored before
computing the total score. Higher total scores indicate
higher stress levels [44]. The Cronbach’s alpha of the
Chinese PSS was reported as 0.85 [44].
Hospital anxiety and depression scale (HADS) The
Chinese version of the HADS comprises 14 items, seven
of which measure anxiety (e.g., I feel tense or wound up)
and seven measure depression (e.g., I still enjoy the
things I used to enjoy). The subscales were scored independently, with each subscale score ranging between 0
and 21, with higher total scores indicating more severe
anxiety/depressive symptoms [45]. Reliability, tested by
Cronbach’s alpha, was 0.80 and 0.63 for the anxiety and
depression subscales, respectively [45].
STOP-BANG questionnaire The Chinese version of
STOP-BANG questionnaire, which was modified from
the STOP questionnaire, has been validated in Chinese
adults in Hong Kong with high sensitivity, and is an appropriate screening instrument for obstructive sleep
apnea (OSA) [46]. This scale addresses risk factors such
as “BMI > 30kg/m2” and “Age > 50 years old”. Individuals are categorized as having a high risk of OSA when
they score “Yes” on three or more items. It is a satisfactory questionnaire for OSA screening with a sensitivity
up to 86% [46].
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Sociodemographic and lifestyle characteristics The
sociodemographic and lifestyle data were self-reported
in front of an interviewer. An investigator-developed
self-reported information sheet which aimed to collect
sociodemographic and lifestyle data from participants included age, sex (Male; Female), marital status (Single;
Married/Cohabiting;
Separated/Divorced/Widowed),
education level (Primary school or below; Secondary;
Bachelor or above), occupation (Working; Not working;
Retired; Students), family income (from < HK$5000 to >
HK$50000), exercise (from no to 5 h or more per week),
smoking (Never; Quit; Yes), as well as consumption of
alcohol (Never; Quit; Yes), cola, soda, coffee, and tea
(Every day; Every week; Every month; Every year; Never).
Season of conduction was summarized according to the
recording time (Spring: Month 3–5; Summer: Month 6–
8; Autumn: Month 9–11; Winter: Month 12–2). If the
recording was conducted across different seasons, it was
categorized according to the season with records for
4 days or more that were retained.
Statistical analysis

First, we regressed nonrestorative sleep on each independent variable in a bivariate regression model. Then, a structured multiphase regression analysis was conducted to
assess the association of nocturnal noise, noise sensitivity,
and other variables with nonrestorative sleep and physiological sleep parameters. The structured multiphase regression model accounts for the possible causal
relationship among the variables by first grouping them
into sequential clusters [47]. Specifically, we defined five
clusters such that variables in Cluster 1 could affect variables in Clusters 2, 3, 4 and 5, but not vice versa. Similarly,
Cluster 2 variables may affect variables in Cluster 3, 4 and
5, but not vice versa, and so on. Cluster 1 included sociodemographic and time variables, i.e., age, sex, marital status, educational level, occupation, family income and
season. Cluster 2 included lifestyle and living environment
factors, i.e., exercise, smoking, alcohol, cola, soda, coffee,
tea, social support, and nocturnal noise level. Cluster 3 included somatic symptoms, stress, anxiety, and depression
levels. Cluster 4 included noise sensitivity. The physiological sleep parameters were included in Cluster 5. The
structured multiphase regression analysis was then performed in five phases (i.e., enter regression). In Phase 1, a
regression was conducted on all variables in Cluster 1. In
Phase 2, a regression was conducted on all Cluster 2 variables adjusting for variables in Cluster 1. In Phase 3, variables in both Clusters 1 and 2 were considered as
potential confounders for variables in Cluster 3, and so
on. The effect of a variable in Cluster 1 was taken as that
estimated in Phase 1, while the effect of a variable in Cluster 2 was taken as that estimated in Phase 2, and so on.
Therefore, variables were not adjusted for the variables in
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the next cluster, which theoretically avoided potential over
adjustment.
Moreover, all physiological sleep parameters were
regressed on Clusters 1–4 separately. Furthermore, an interaction between noise sensitivity and nocturnal noise was
also assessed based on each corresponding Phase 4 model.
All collected data were entered into SPSS version 23
(Armonk, NY: IBM Corp.) and cleaned by crosschecking with the original paper records. The significance level was set at 5%, and all estimates are accompanied by 95% CIs where appropriate. Regression was
conducted with RStudio-1.2.1335. The adequacy of the
regression models was assessed by examining the studentized residuals. The presence of multicollinearity was
assessed by the variance inflation factor (VIF) with the
“car” package under RStudio-1.2.1335 [48]. The VIF
quantifies how much the variance is inflated by the existence of correlation among the independent variables
in the model. A value of 1 indicated no correlation between independent variables while 1 < VIF ≤ 5 and > 5 indicated moderate correlation and high correlation,
respectively [49].

Results
Social-demographic characteristics and nonrestorative
sleep status of participants

The average age of the 500 participants was 39 years old
(standard deviation [SD]: 12; range: 18–80). Table 1
shows the sociodemographic and lifestyle characteristics
of the participants. All participants completed the 12item NRSS without any missing values. The average
nonrestorative sleep level was 64.77 (SD: 12.75) on a 0–
100 scale. Table 2 shows the summary of nocturnal
noise, noise sensitivity, nonrestorative sleep, physiological sleep variables, social support, somatic symptoms,
stress, anxiety, and depression.
Spearman rank correlations between nocturnal noise,
noise sensitivity, nonrestorative sleep, with physiological
sleep parameters

Table 3 shows the associations between nocturnal noise,
noise sensitivity, NRSS (four subscales), and the physiological sleep parameters. Nocturnal noise was significantly
associated with only the physical/medical symptoms subscale of NRSS (r = 0.09, p < 0.05), TIB (r = − 0.15, p < 0.01)
and TST (r = − 0.13, p < 0.01). Noise sensitivity was
statistically significantly associated with NRSS (r = − 0.26,
p < 0.01), as well as its four subscales, but not with any
physiological sleep parameters.
Association between noise sensitivity, nocturnal noise
and global scale of NRSS

Table 4 shows the results of bivariate regression of each
independent variable on the global NRSS. Age, marital
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Table 1 Sociodemographic and lifestyle data for the 500 adults
Characteristics

Mean ± SD/n

Mean age ± SD

39 ± 12

Percent

Sex
Male

168

34%

Female

332

66%

Single

171

34.4%

Married/Cohabiting

307

61.2%

Separated/Divorced/Widowed

22

4.4%

Primary school or below

24

5%

Secondary

251

50%

Bachelor or above

224

45%

370

74%

Marital status

Educational level (1 missing)

Occupation
Working
Not working

73

14%

Retired

15

3%

Students

42

8%

Family income (HK$, 10 missing)
< 5000

10

2%

5000–9999

7

1.4%

10,000–14,999

17

3.4%

15,000–19,999

29

5.8%

20,000–24,999

46

9.2%

25,000–29,999

53

10.6%

30,000–34,999

68

13.6%

35,000–39,999

37

7.4%

40,000–44,999

55

11.0%

45,000–49,999

37

7.4%

> 50,000

131

26.2%

Season
Spring

237

47.4%

Summer

141

28.2%

Autumn

51

10.2%

Winter

71

14.2%

No

170

34%

1h

116

23%

2h

88

18%

3h

61

12%

4h

28

6%

5 h or more

37

7%

Never

404

81%

Quit

38

7%

Aerobic exercise per week

Smoking
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Table 1 Sociodemographic and lifestyle data for the 500 adults (Continued)
Characteristics

Mean ± SD/n

Percent

58

12%

Never

270

54%

Quit

36

7%

Yes

194

39%

Every day

15

3%

Every week

130

26%

Every month

170

34%

Every year

68

14%

Never

117

23%

Every day

10

2%

Every week

78

16%

Every month

139

28%

Every year

57

11%

Never

216

43%

Every day

102

20%

Every week

104

21%

Every month

62

12%

Every year

19

4%

Never

213

43%

Every day

108

22%

Every week

198

39%

Every month

81

16%

Every year

14

3%

Never

99

20%

Yes
Alcohol

Cola

Soda

Coffee

Tea

SD standard deviation

status, occupation, family income, season, exercise, consumption of cola and soda, social support, somatic
symptoms, stress, depression, noise sensitivity, total
sleep time and awakenings were associated with nonrestorative sleep.
Table 5 shows the adjusted associations of the variables on the global NRSS. There were high explained
variances for Phases 3 and 4, with values of 52.0 and
52.8%, respectively, and the VIF ranged from 1.03 to
1.56. People who had less family income, exercised less,
had less social support, and had more somatic symptoms, stress, depression, and noise sensitivity, and in
summer and autumn seasons, reported higher levels of
nonrestorative sleep. Nocturnal noise level showed no
significant association with the global score. However,
one unit increase in noise sensitivity was associated with

a − 0.08 (95% CI: − 0.15, − 0.01, p = 0.023) change in the
global score. Furthermore, none of the physiological
sleep parameters were associated with NRSS after
adjusting for the above-mentioned variables while noise
sensitivity remained associated with NRSS (− 0.08, 95%
CI: − 0.15, − 0.01, p = 0.018). After excluding 36 individuals who were indicated as at high risk of OSA on the
STOP-BANG, the relationship between noise sensitivity
and global scale remained significant (− 0.08, 95% CI: −
0.15, − 0.01, p = 0.022).
Association between noise sensitivity, nocturnal noise
and subscales of NRSS

Analyses were conducted on the four NRSS subscales.
Nocturnal noise level was only associated with affective
symptoms of nonrestorative sleep scale of the NRSS (b =
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Table 2 Summary of noise, noise sensitivity, sleep, social support, somatic symptoms, stress, anxiety and depression (n = 500)
Mean

SD

Range

95%CI

Nocturnal noise level (dBA)

51.32

5.61

36.51, 70.67

50.82, 51.82

WNSS (0–100)

60.44

12.09

21.11, 94.44

59.38, 61.50

NRSS (0–100)

64.77

12.75

19.39, 100

63.65, 65.89

Refreshment from sleep

59.16

16.99

0, 100

57.67, 60.66

Physical/medical symptoms of NRS

68.60

18.39

21.88, 96.88

66.98, 70.22

Daytime functioning

63.01

15.47

0, 100

61.65, 64.37

Affective symptoms of NRS

65.65

21.30

7.69,100

63.78, 67.52

Physiological sleep parameters
Latency (min)

7.13

6.95

0, 75.71

6.52, 7.74

Efficiency (%)

78.34

7.74

44.56, 97.84

77.66, 79.02

Time in bed (min)

441.10

65.17

199.29, 651.5

441.60, 444.09

Total sleep time (min)

345.07

57.38

178.43, 534.29

345.22, 345.84

Wake after sleep onset (min)

88.78

37.40

6.17, 245.4

85.50, 92.07

Awakenings (n)

25.84

7.91

4.29, 50.14

25.14, 26.53

Average awakenings (min)

3.48

1.33

1.17, 20.14

3.37, 3.60

ESSI

21.39

4.76

6, 30

20.98, 21.81

PHQ

3.93

3.88

0, 19

3.58, 4.30

PSS

15.60

5.31

0, 30

15.12, 16.10

Anxiety

4.43

3.47

0, 16

4.13, 4.75

Depression

5.15

3.44

0, 17

4.83, 5.48

SD standard deviation, CI confidence interval; WNSS Weinstein Noise Sensitivity Scale, NRS nonrestorative sleep, NRSS nonrestorative sleep scale, ESSI ENRICHD
Social Support Instrument, PHQ physical health questionnaire, PSS perceived stress scale

0.37, 95% CI: 0.02, 0.72, p = 0.040). For every unit increase
in noise sensitivity, there was a − 0.24 (95% CI: − 0.36, −
0.12; p < 0.001) and − 0.22 (95% CI: − 0.36, − 0.08; p =
0.002) change in the refreshment from sleep and affective
symptoms of nonrestorative sleep scales, respectively, after
adjusting for the above-mentioned confounders.
Association between noise sensitivity, nocturnal noise
and physiological sleep parameters

Table 6 shows the associations between physiological
sleep parameters with nocturnal noise and noise sensitivity after adjusting for sociodemographic and lifestyle
characteristics, social support, somatic symptoms, stress,
anxiety, and depression. The VIF ranged from 1.03 to
1.56. Nocturnal noise reduced TIB (b = − 1.65, 95% CI:
− 2.77, − 0.52, p = 0.004), TST (b = − 1.61, 95% CI: −
2.59, − 0.62, p = 0.001), and awakenings (b = − 0.16, 95%
CI: − 0.30, − 0.03, p = 0.018). However, noise sensitivity
did not show any significant changes with physiological
sleep parameters.
Moderation of noise sensitivity on the relationship
between nocturnal noise and sleep

For both nonrestorative sleep and physiological sleep parameters, there was no significant interaction between
nocturnal noise and noise sensitivity (p ≥ 0.104).

Discussion
This was the first study to assess the association between
nocturnal noise, noise sensitivity, and nonrestorative
sleep using standardized scales and adjusting for relevant
confounders. The results revealed that noise sensitivity,
as well as environment, lifestyle, physical and psychosocial health were associated with nonrestorative sleep.
The average nonrestorative sleep level of Chinese
adults in Hong Kong was 64.77 (SD: 12.75) on the 0–
100 scale, which indicated that the degree of feeling
refreshed after sleep was only around 65%. This is lower
than that (80.90 on the 0–100 scale) in the general Canadian population, indicating Hong Kong adults had a
higher level of nonrestorative sleep [50]. Indeed, a previous study indicated that 39.4–68.6% of Hong Kong
adults had insomnia [51, 52], which was higher than that
of Canadians [53]. Therefore, sleep conditions may be
generally poor in Hong Kong adults. Problems such as
nonrestorative sleep deserve more attention and interventions that target reductions in nonrestorative sleep
would be desirable.
The average nocturnal noise level in the participants’
bedrooms was 51.32 dBA (SD: 5.61), which was above
the suggested level of 30–40dBA at night [37]. This suggests an increased risk of sleep disturbances and medical
conditions, and poor well-being [37]. Moreover, when
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Table 3 Spearman rank correlation between noise, noise sensitivity, nonrestorative sleep, and physiological sleep parameters (n =
500)
Nocturnal
noise

WNSS NRSS 1

Nocturnal noise

1

WNSS

−0.07

1

NRSS

−0.05

−0.26** 1

1. Refreshment from sleep

−0.04

−
0.29**

2. Physical/medical symptoms of −0.06
NRS

0.71**

2

3

4

0.30** 1

0.09*

−0.13** 0.66**

0.48** 0.27**

1

4. Affective symptoms of NRS

0.05

−
0.27**

0.67

0.33** 0.54**

0.26** 1

5. Latency

− 0.03

− 0.05

− 0.08 −
0.09

−0.08

−
0.03

6. Efficiency

−0.01

0.02

0.07

0.13**

−0.02 0.05

**

6

7

8

9

10

11

1

− 0.09* 0.77**

3. Daytime functioning

5

0.04

7. Time in bed

**

−0.15

0.01

0.06

0.16

8. Total sleep time

−0.13**

0.01

0.09

0.15** 0.04

9. Wake after sleep onset

−0.04

0.02

−0.03

10. Awakenings

−0.09

11. Average awakenings

0.01

−0.34** 1

0.10

0.01

0.16**

−0.16** 1

0.06

0.04

−0.07

0.44**

−0.10

0.06

−0.05

**

0.22

−0.91

0.48** −0.10* 1

0.06

−0.10* −0.02 −
0.14**

0.04

−
0.12**

0.20**

−
0.58**

0.49** 0.11*

−0.02

0.06

0.05

0.04

0.10**

−0.65** 0.16** −0.25* 0.64** −0.02 1

**

0.04

0.07

−0.03

− 0.05 1

*

0.00

*

0.78** 1
**

0.71** 1

WNSS Weinstein Noise Sensitivity Scale, NRSS nonrestorative sleep scale, NRS nonrestorative sleep
*
: p-value < 0.05; **: p-value < 0.01

the nocturnal noise level is greater than 50dBA, the risk
of hypertension and myocardial infarction is also increased [37]. Nonrestorative sleep was independent of
nocturnal noise level while TIB and TST were shown to
be negatively associated with noise in this study. This is
consistent with a previous study that revealed the relationships of noise, noise annoyance, and objective and
subjective sleep parameters [54]. People who live in
noisy areas may be more easily influenced by noise, and
tend to have less TIB [55]. Furthermore, noise has been
shown to fragment sleep, reduce sleep continuity and
TST, and increase awakenings and shifts between stages
of sleep [56]. These factors may result in less “asleep”
time for individuals. However, the number of awakenings was negatively associated with nocturnal noise in
this study which conflicts with previous studies [56].
Notwithstanding, the bivariate correlation demonstrated
that the number of awakenings was not associated with
noise. This might be due to people having more awakenings in autumn in this study. It might also be owing to
awakenings being more associated with noise events,
maximum noise level or subjective perceptions such as
tolerance of noise or habituation to noise [57, 58]. This
might also explain why no association between the objective measures of sound and latency and WASO was
found in this study. Furthermore, despite the number of
awakenings in our study being comparable to a previous

study [59], actigraphy, which detected awakenings based
on movements, was found to note more awakenings
compared with video observation [60]. Nevertheless, as
nocturnal noise was associated with physiological sleep
parameters, a policy of restricting nocturnal noise would
be desirable.
Consistent with our hypothesis, there was an association between noise sensitivity and nonrestorative sleep.
However, noise sensitivity was not associated with
physiological sleep parameters after adjusting for nocturnal noise, sociodemographic characteristics, lifestyle factors, physical and psychosocial health. It is unlikely that
people who are more noise sensitive would have substantially more emotional responses to noise when they
are asleep, as they should then also have more changes
in their physiological sleep levels under the general
stress model. Alternatively, the potential influence of
noise sensitivity on nonrestorative sleep may be attributed to the higher vulnerability of noise-sensitive people
to daytime noise exposure whose stress-related responses have not recovered by the time they go to sleep.
Indeed, prolonged daytime noise exposure has been reported to be associated with reduced nighttime slow
wave sleep (SWS) and sleep efficiency, which may then
result in elevated cortisol and autonomic nervous system
activity [61]. Therefore, people who are sensitive to noise
would have higher stress-related responses that impacted
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Table 4 Linear regression of NRSS in Chinese adultsa
Variable

Estimate

95% CI

p-value

Age

0.11

0.19, 0.20

0.017*

−1.55

− 3.92, 0.82

0.199

Married/Cohabiting

2.85

1.98, 6.71

< 0.001**

Separated/Divorced/Widowed

5.54

−0.07, 11.14

0.053

Sex (Ref: Male)
Female
Marital status (Ref: Single)

Educational level (Ref: Primary school or below)
Secondary

− 1.97

−7.31, 3.36

0.468

Bachelor or above

−3.54

−8.91, 1.82

0.195

Not working

−1.55

−4.88, 1.79

0.363

Retired

−3.88

−9.35, 1.59

0.164

Students

−5.07

−9.13, −1.01

0.014*

Family income

0.53

0.12, 0.94

0.011*

Summer

−3.93

−6.57, −1.29

0.004**

Autumn

−5.67

−9.49, −1.84

0.004**

Winter

−2.38

−5.73, 0.98

0.165

1.15

0.44, 1.87

0.002**

Quitted smoking

−2.40

−6.66, 1.85

0.267

Current smoking

−1.81

− 5.32, 1.71

0.314

Quitted alcohol

−3.99

−8.43, 0.44

0.078

Current alcohol

Occupation (Ref: Working)

Season (Ref: Spring)

Exercise
Smoking (Ref: Never smoking)

Alcohol (Ref: Never alcohol)
−1.81

−4.16, 0.55

0.132

Cola

1.00

0.04, 1.95

0.040*

Soda

1.17

0.24, 2.09

0.013*

Coffee

0.45

−0.23, 1.13

0.197

Tea

−0.09

− 0.90, 0.72

0.823

Social support

0.82

0.59, 1.04

< 0.001**

Nocturnal Noise

−0.12

− 0.32, 0.08

0.231

Somatic symptoms

−1.88

−2.12, − 1.64

< 0.001**

Stress

−1.47

−1.63, − 1.30

< 0.001**

Anxiety

−2.10

− 2.37, − 1.84

0.055

Depression

− 1.80

− 2.09, − 1.51

< 0.001**

Noise sensitivity

− 0.27

− 0.36, − 0.18

< 0.001**

Latency

− 0.12

− 0.28, 0.04

0.147

Efficiency

0.09

− 0.05, 0.24

0.203

Time in bed

0.01

−0.00, 0.03

0.116

Total sleep time

0.02

0.00, 0.04

0.024*

Wake after sleep onset

−0.01

−0.04, 0.02

0.637

Awakenings

−0.14

−0.28, − 0.00

0.048*

Average Awakenings

0.58

−0.26, 1.43

0.174

: All unadjusted results in the model, NRSS nonrestorative sleep scale, *:
p-value < 0.05; **: p-value < 0.01

a

nonrestorative sleep. However, in our random sample
study, it was not feasible to measure actual daytime
noise exposure. Well-designed studies with fewer subjects that incorporate daytime noise measurements will
be necessary to confirm this hypothesis. In addition to
the global scale of NRSS, higher noise sensitivity was
also associated with less refreshment from sleep and
more affective symptoms. The refreshment from sleep
scale shares a similar interpretation as the global scale.
For affective symptoms, they have been shown to be influenced by introversion and extroversion [62], which
are two personality traits that have also been shown to
be associated with noise sensitivity [23].
The additional consideration of the somatic symptoms,
stress, and depression in Phase 3 added much more variance compared with the variables considered in Phase 2,
indicating the importance of such variables in accounting for the variation of nonrestorative sleep. Currently,
people are exposed to various psychosocial risk factors
[63]. The association between nonrestorative sleep with
stress and depression was consistent with a previous
study [30]. Stressful events and psychosocial stressors
could impact sleep by increasing the activity of the hypothalamic–pituitary–adrenal axis and release of cortisol
while decreasing the production of melatonin [18],
reflected by increased sleep latency and awakenings, and
reduced SWS and sleep efficiency [64, 65]. Stress could
also induce depressive feelings [66] while those depressive individuals were characterized by a decrease of SWS
and sleep efficiency in addition to an increase of the percentage and density of rapid-eye-movement (REM) [67].
In addition, nonrestorative sleep was found to be associated with chronic medical disorders such as fibromyalgia
syndrome [68]. Individuals who suffer from chronic
somatic symptoms like pain may have difficulty falling
asleep and more awakenings after sleep onset, which can
then increase the risk of poor sleep and nonrestorative
sleep [68]. Moreover, pain can form a vicious cycle with
stress and depression which then exacerbate nonrestorative sleep [69]. Conclusively, the interaction between
physical and psychological health increased the likelihood of nonrestorative sleep.
Individuals who had higher family income, more exercise and social support had less nonrestorative sleep in
this study. Higher-level family income is associated with
less stress and mental disorders [70]. Regular exercise
and adequate social support are not only stress relievers
but also can strengthen individual resilience to stress
[32, 71, 72]. Therefore, we anticipated that these factors
were able to reduce stress and thereby decrease nonrestorative sleep levels. Moreover, the association between
nonrestorative sleep and exercise was consistent with a
previous study which indicated that people who had
regular exercise reported less nonrestorative sleep [31].
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Table 5 Structured multiphase regression of NRSS in Chinese adults (n = 489)
Estimate

95% CI

p-value

0.01

−0.13, 0.12

0.912

−1.35

−3.85, 1.15

0.290

Married/Cohabiting

2.85

−0.10, 5.79

0.058

Separated/Divorced/Widowed

5.98

−0.37, 12.33

0.065

Secondary

−1.28

−6.60, 4.05

0.637

Bachelor or above

−2.75

−8.32, 2.83

0.334

Not working

−2.02

−5.73, 1.69

0.285

Retired

−4.60

−10.41, 1.22

0.121

Students

−1.82

−6.51, 2.88

0.447

Family income

0.52

0.07, 0.98

0.023*

Summer

−2.91

−5.65, −0.17

0.038*

Autumn

−4.04

−8.01, − 0.07

0.046*

Winter

−0.95

−4.40, 2.49

0.587

1.12

0.41, 1.82

0.002**

Quitted smoking

−2.69

−6.88, 1.50

0.208

Current smoking

−2.47

−5.96, 1.03

0.166

−3.25

−7.64, 1.14

0.146

Variable
Phase 1 (R2 = 6.8%, adjusted R2 = 4.3%)
Age
Sex (Ref: Male)
Female
Marital status (Ref: Single)

Educational level (Ref: Primary school or below)

Occupation (Ref: Working)

Season (Ref: Spring)

Phase 2 (R2 = 18.3%, adjusted R2 = 14.1%)
Exercise
Smoking (Ref: Never smoking)

Alcohol (Ref: Never alcohol)
Quitted alcohol

−1.49

−3.90, 0.91

0.223

Cola

0.17

−0.91, 1.25

0.761

Soda

0.46

−0.54, 1.46

0.362

Coffee

0.36

−0.31, 1.02

0.289

Tea

0.14

−0.67, 0.95

0.736

Social support

0.73

0.50, 0.96

< 0.001**

Nocturnal Noise

−0.04

−0.24, 0.17

0.736

Somatic symptoms

−0.95

−1.21, − 0.69

< 0.001**

Stress

− 0.73

− 0.94, − 0.52

< 0.001**

Current alcohol

Phase 3 (R2 = 54.5%, adjusted R2 = 51.7%)

Anxiety

− 0.35

− 0.70, 0.01

0.055

Depression

− 0.61

− 0.90, − 0.31

< 0.001**

−0.08

− 0.15, − 0.01

0.023*

Latency

−0.15

− 0.47, 0.17

0.359

Efficiency

−0.20

−0.85, 0.46

0.555

Time in bed

−0.01

−0.32, 0.31

0.975

Phase 4 (R2 = 55.0%, adjusted R2 = 52.2%)
Noise sensitivity
Phase 5 (R2 = 56.1%, adjusted R2 = 52.6%)
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Table 5 Structured multiphase regression of NRSS in Chinese adults (n = 489) (Continued)
Variable

Estimate

95% CI

p-value

Total sleep time

0.02

−0.30, 0.35

0.890

Wake after sleep onset

−0.03

−0.31, 0.26

0.826

Awakenings

−0.07

−0.27, 0.14

0.518

Average Awakenings

0.62

−0.31, 1.56

0.192

NRSS nonrestorative sleep scale, CI confidence interval
*
: p-value < 0.05; **: p-value < 0.01

Higher intensity exercise was associated with shorter
sleep latency and fewer awakenings [73]. Exercise could
also shorten the N1 stage of non-rapid-eye-movement
sleep, which is the stage of very light sleep, while increase REM sleep, sleep continuity, and sleep efficiency
[74]. Therefore, exercise could be beneficial for relieving
nonrestorative sleep.
In summer and autumn, people had higher levels of
nonrestorative sleep compared with spring in this
study. This might be attributed to the physical environment being less comfortable, as the temperature
and humidity in Hong Kong in summer and autumn
are high. A previous study showed that too stuffy
bedrooms were associated with a higher likelihood of
nonrestorative sleep [30].
Lastly, this study indicated that none of the obtained
physiological sleep parameters were associated with nonrestorative sleep in the adjusted model. Researchers have
proposed a possible association between alpha activity
and nonrestorative sleep among people with chronic fatigue syndrome. However, the fact that people without
such symptoms also had nonrestorative sleep cast doubt
on this link [1]. As there remains a lack of study on the
relationship between objective physiological sleep parameters and nonrestorative sleep, a more precise and
functional device that can reveal more sleep parameters
is worthy of research—to test the relationship between
specific physiological sleep parameters and nonrestorative sleep.

This study adds to the literature that noise sensitivity
is associated with nonrestorative sleep, which informs
the need to assess noise sensitivity in individuals experiencing nonrestorative sleep, as well as developing interventions to reduce noise sensitivity. In addition, this
study also adds that the degree of feeling refreshed after
sleep was only around 65% in the Chinese population.
Interventions that target for reducing nonrestorative
would be desirable. Despite our efforts to explore potential factors associated with nonrestorative sleep, there
are several study limitations that deserve attention. Due
to the cross-sectional study design, we were unable to
identify causative links between nonrestorative sleep and
noise sensitivity. As in other self-reported surveys, there
might be the problem of common method variance that
biased the derived associations. Common method variance may arise when responses from a subject are driven
by factors other than the underlying constructs, such as
the tendency for consistency, unwillingness to give true
responses, and limited ability to respond [75]. However,
we have used well-tested instruments and the survey
was conducted in a household setting when the study
subjects were completing the survey in front of an interviewer. Thus, the potential impact of common method
variance should be minimal. Nevertheless, longitudinal
studies are desirable to verify the associations. Furthermore, the mechanism underlying why noise-sensitive
people have higher nonrestorative sleep is worth studying since people are considered to be less reactive to the

Table 6 Effects of nocturnal noise and noise sensitivity on physiological sleep parameters (n = 489)
Nocturnal noise

WNSS

Variables

Estimate

95% CI

p-value

Estimate

95% CI

p-value

Latency

−0.01

(− 0.12, 0.11)

0.915

− 0.05

(− 0.07, 0.05)

0.083

Efficiency

−0.06

(− 0.19, 0.07)

0.365

Time in bed

−1.65

Total sleep time

−1.61

Wake after sleep onset
Awakenings
Average Awakenings

− 0.01

(− 0.07, 0.05)

0.855

(−2.77, − 0.52)

**

0.004

0.10

(−0.40, 0.61)

0.692

(−2.59, −0.62)

0.001**

0.05

(−0.39, 0.49)

0.830

−0.01

(−0.65, 0.63)

0.975

0.10

(−0.19, 0.39)

0.500

−0.16

(−0.30, − 0.03)

0.018*

0.04

(− 0.02, 0.10)

0.202

0.02

(−0.01, 0.04)

0.189

0.00

(−0.01, 0.01)

0.819

CI confidence interval, WNSS Weinstein Noise Sensitivity Scale
*
: p-value < 0.05; **: p-value < 0.01
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outside environment when sleeping. Second, despite
controlling a number of covariates, noise sensitivity usually co-exists with some other environmental sensitivities
[24], noise sensitivity might indicate a general predisposition of individuals to environmental stressors. Therefore, the observed association between noise sensitivity
and nonrestorative sleep might also be attributed to such
environmental sensitivities or susceptibility to stressors.
Hence, a further study that covers more environmental
sensitivities and stressors is desirable to disclose such
potential relationships. Third, we had taken measurements of daily objective sleep quality and nocturnal
noise for around a week, further analysis incorporating
these as outcomes may consider using mixed effects
model or generalized estimating equations that account
for the extra covariance among the repeated measurements. Fourth, daytime noise, which may also influence
nonrestorative sleep and physiological sleep parameters,
was not investigated in this study. This would require
the assessment of personal noise exposure by asking the
participants to carry a noise dosimeter all day. However,
this can be highly demanding to the participants and innovations in assessing personal noise exposure would be
helpful in this regard. Moreover, other noise characteristics such as maximum noise level, number of noise
events and vibrations are known to be associated with
sleep disturbances. Therefore, a future study that including such variables is desirable to investigate the factors
associated with physiological sleep parameters and nonrestorative sleep. Lastly, a structural equation model approach deserves consideration for identifying a more
structured model with possible modifiers and mediators.

Conclusions
In conclusion, noise sensitivity was associated with nonrestorative sleep, and nocturnal noise level was associated with physiological sleep parameters. Furthermore,
family income, season, exercise, social support, somatic
symptoms, stress, and depression were also related with
nonrestorative sleep. Interventions targeting to reduce
noise sensitivity or the levels of other risk factors while
increasing levels of protective factors are desirable and
need to be developed. In addition, the policy of restricting nocturnal noise level is necessary for improving objective sleep conditions for residents of highly urbanized
areas such as Hong Kong.
Abbreviations
CI: Confidence interval; ESSI: ENRICHD Social Support Instrument;
HADS: Hospital Anxiety and Depression Scale; NRS: Nonrestorative sleep;
NRSS: Nonrestorative sleep scale; OSA: Obstructive sleep apnea; PHQ: Patient
health questionnaire; PSS: Perceived stress scale; REM: Rapid-eye-movement;
SD: Standard deviation; SWS: Slow wave sleep; TIB: Time in bed; TST: Total
sleep time; VIF: Variance inflation factor; WASO: Wake after sleep onset;
WNSS: Weinstein Noise Sensitivity Scale

Page 13 of 15

Acknowledgements
We would like to thank the efforts of all the part-time research assistants.
Authors’ contributions
SL involved in the acquisition of data, completed analysis and interpretation
of data, drafted and revised the manuscript. DYTF designed the study,
acquired funding, supervised the project and revised the manuscript critically
for important intellectual content. JYHW, BM, EYYL, LH, MSMI acquired
funding, provided critical comments and revisions on the manuscript. All
authors read and approved the final manuscript.
Funding
This study was supported by the Health and Medical Research Fund [Grant
No. 14150801], the Food and Health Bureau, Hong Kong Special
Administrative Region. The funder was not involved in the design of the
study, data collection, data analysis, data interpretation or in the writing of
manuscript.
Availability of data and materials
The datasets generated and/or analyzed during the current study are not
publicly available due to the restrictions of the local ethics committee and
institutional data security and privacy policies. The data access request needs
institutional and ethics committee’s approval.

Declarations
Ethics approval and consent to participate
Ethics approval of this study was obtained from the Institutional Review
Board of the University of Hong Kong/Hospital Authority Hong Kong West
Cluster (Ref no.: UW17–011). The written informed consent was obtained
from all individual participants included in the study.
Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.
Author details
1
School of Nursing, Li Ka Shing Faculty of Medicine, The University of Hong
Kong, 21 Sassoon Road, Pokfulam, Hong Kong, China. 2Division of Speech
and Hearing Sciences, Faculty of Education, The University of Hong Kong,
Pokfulam, Hong Kong, China. 3Sleep Laboratory, Department of Psychology,
The Education University of Hong Kong, 10 Lo Ping Road, Tai Po, New
Territories, Hong Kong, China. 4Centre for Psychosocial Health, The Education
University of Hong Kong, 10 Lo Ping Road, Tai Po, New Territories, Hong
Kong, China. 5Department of Mechanical Engineering, The University of
Hong Kong, Pokfulam, Hong Kong, China. 6Department of Medicine, Li Ka
Shing Faculty of Medicine, The University of Hong Kong, 21 Sassoon Road,
Pokfulam, Hong Kong, China.
Received: 31 July 2020 Accepted: 22 March 2021

References
1. Stone KC, Taylor DJ, McCrae CS, Kalsekar A, Lichstein KL. Nonrestorative
sleep. Sleep Med Rev. 2008;12(4):275–88. https://doi.org/10.1016/j.smrv.2
007.12.002.
2. American Psychiatric Association. Diagnostic and Statistical Manual of
Mental Disorders: DSM-IV, Sleep-Wake Disorders Washington, DC: American
Psychiatric Association; 1994.
3. Zhang J, Lamers F, Hickie IB, He JP, Feig E, Merikangas KR. Differentiating
nonrestorative sleep from nocturnal insomnia symptoms: demographic,
clinical, inflammatory, and functional correlates. Sleep. 2013;36(5):671–9.
https://doi.org/10.5665/sleep.2624.
4. American Psychiatric Association. Diagnostic and statistical manual of
mental disorders. 5. Arlington: American Psychiatric Association; 2013, doi:
https://doi.org/10.1176/appi.books.9780890425596.
5. Zhang J, Lam SP, Li SX, Li AM, Wing YK. The longitudinal course and impact
of non-restorative sleep: a five-year community-based follow-up study.
Sleep Med. 2012;13(6):570–6. https://doi.org/10.1016/j.sleep.2011.12.012.

Li et al. BMC Public Health

6.

7.

8.

9.
10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

(2021) 21:643

Swanson LM, Arnedt JT, Rosekind MR, Belenky G, Balkin TJ, Drake C. Sleep
disorders and work performance: findings from the 2008 National Sleep
Foundation sleep in America poll. J Sleep Res. 2011;20(3):487–94. https://doi.
org/10.1111/j.1365-2869.2010.00890.x.
Park JH, Yoo JH, Kim SH. Associations between non-restorative sleep, short
sleep duration and suicidality: findings from a representative sample of
Korean adolescents. Psychiatry Clin Neurosci. 2013;67(1):28–34. https://doi.
org/10.1111/j.1440-1819.2012.02394.x.
Moldofsky H. The significance, assessment, and management of
nonrestorative sleep in fibromyalgia syndrome. CNS Spectr. 2008;13(3 Suppl
5):22–6. https://doi.org/10.1017/S1092852900026808.
Grandner, M. A. (2019). Chapter 5 - social-ecological model of sleep health.
In M. A. Grandner (Ed.), Sleep and health (pp. 45-53): Academic press.
Eriksson C, Bodin T, Selander J. Burden of disease from road traffic and
railway noise - a quantification of healthy life years lost in Sweden. Scand J
Work Environ Health. 2017;43(6):519–25.
Lam LC, Brown L, Wong TW, Kam, IV, Chan YK. Final report for the provision
of service for the study of health effects of transportation noise in Hong
Kong (Tender Ref. AN 08–047). HKSAR: Environmental Protection
Department, HKSAR Government; 2012.
Munzel T, Gori T, Babisch W, Basner M. Cardiovascular effects of
environmental noise exposure. Eur Heart J. 2014;35(13):829–36. https://doi.
org/10.1093/eurheartj/ehu030.
Clark C, Paunovic K. WHO environmental noise guidelines for the European
region: a systematic review on environmental noise and cognition. Int J
Environ Res Public Health. 2018;15(2):285. https://doi.org/10.3390/ijerph1502
0285.
Basner M, McGuire S. WHO environmental noise guidelines for the
European region: a systematic review on environmental noise and effects
on sleep. Int J Environ Res Public Health. 2018;15(3):519. https://doi.org/1
0.3390/ijerph15030519.
Sliwinska-Kowalska M, Zaborowski K. WHO environmental noise guidelines
for the European region: a systematic review on environmental noise and
permanent hearing loss and tinnitus. Int J Environ Res Public Health. 2017;
14(10):1139. https://doi.org/10.3390/ijerph14101139.
Recio A, Linares C, Banegas JR, Diaz J. Road traffic noise effects on
cardiovascular, respiratory, and metabolic health: an integrative model of
biological mechanisms. Environ Res. 2016;146:359–70. https://doi.org/10.101
6/j.envres.2015.12.036.
Hirotsu C, Tufik S, Andersen ML. Interactions between sleep, stress, and
metabolism: from physiological to pathological conditions. Sleep Sci. 2015;
8(3):143–52. https://doi.org/10.1016/j.slsci.2015.09.002.
Azza Y, Grueschow M, Karlen W, Seifritz E, Kleim B. How stress affects sleep
and mental health: nocturnal heart rate increases during prolonged stress
and interacts with childhood trauma exposure to predict anxiety. Sleep.
2020;43(6):zsz310.
Luca A, Luca M, Calandra C. Sleep disorders and depression: brief review of
the literature, case report, and nonpharmacologic interventions for
depression. Clin Interv Aging. 2013;8:1033–9.
Khanijow V, Prakash P, Emsellem HA, Borum ML, Doman DB. Sleep dysfunction
and gastrointestinal diseases. Gastroenterol Hepatol (N Y). 2015;11(12):817–25.
Heinonen-Guzejev M. Noise sensitivity medical, psychological and genetic
aspects [Doctoral dissertation, University of Helsinki]. 2009. Availabel from:
https://www.researchgate.net/publication/47931921_Noise_sensitivity_
medical_psychological_and_genetic_aspects. Accessed 30 Dec 2020.
Kliuchko M, Puolivali T, Heinonen-Guzejev M, Tervaniemi M, Toiviainen P,
Sams M, et al. Neuroanatomical substrate of noise sensitivity. Neuroimage.
2018;167:309–15. https://doi.org/10.1016/j.neuroimage.2017.11.041.
Shepherd D, Heinonen-Guzejev M, Hautus MJ, Heikkila K. Elucidating the
relationship between noise sensitivity and personality. Noise Health. 2015;
17(76):165–71. https://doi.org/10.4103/1463-1741.155850.
Baliatsas C, van Kamp I, Swart W, Hooiveld M, Yzermans J. Noise sensitivity:
symptoms, health status, illness behavior and co-occurring environmental
sensitivities. Environ Res. 2016;150:8–13. https://doi.org/10.1016/j.envres.201
6.05.029.
Nivison ME, Endresen IM. An analysis of relationships among environmental
noise, annoyance and sensitivity to noise, and the consequences for health and
sleep. J Behav Med. 1993;16(3):257–76. https://doi.org/10.1007/BF00844759.
Fong DYT, Wong JYH, Huang L. Effect of noise tolerance on non-restorative
sleep: a population-based study in Hong Kong. BMJ Open. 2018;8(3):
e020518. https://doi.org/10.1136/bmjopen-2017-020518.

Page 14 of 15

27. Marks A, Griefahn B. Associations between noise sensitivity and sleep,
subjectively evaluated sleep quality, annoyance, and performance after
exposure to nocturnal traffic noise. Noise Health. 2007;9(34):1–7.
28. Fyhri A, Klaeboe R. Road traffic noise, sensitivity, annoyance and selfreported health--a structural equation model exercise. Environ Int. 2009;
35(1):91–7. https://doi.org/10.1016/j.envint.2008.08.006.
29. Schneiderman N, Ironson G, Siegel SD. Stress and health: psychological,
behavioral, and biological determinants. Annu Rev Clin Psychol. 2005;1(1):
607–28. https://doi.org/10.1146/annurev.clinpsy.1.102803.144141.
30. Ohayon MM. Prevalence and correlates of nonrestorative sleep
complaints. Arch Intern Med. 2005;165(1):35–41. https://doi.org/10.1001/a
rchinte.165.1.35.
31. Matsumoto T, Tabara Y, Murase K, Takahashi Y, Setoh K, Kawaguchi T, et al.
Combined association of clinical and lifestyle factors with non-restorative
sleep: the Nagahama study. PLoS One. 2017;12(3):e0171849. https://doi.
org/10.1371/journal.pone.0171849.
32. Sharon-David H, Tenenbaum G. The effectiveness of exercise interventions
on coping with stress: research synthesis. Stud Sport Humanit. 2017;22:19–
29. https://doi.org/10.5604/01.3001.0012.6520.
33. Kent de Grey RG, Uchino BN, Trettevik R, Cronan S, Hogan JN. Social
support and sleep: a meta-analysis. Health Psychol. 2018;37(8):787–98.
https://doi.org/10.1037/hea0000628.
34. Chaudhary NS, Grandner MA, Jackson NJ, Chakravorty S. Caffeine
consumption, insomnia, and sleep duration: results from a nationally
representative sample. Nutrition. 2016;32(11–12):1193–9. https://doi.org/10.1
016/j.nut.2016.04.005.
35. Santos MA, Nakano TC, Mendes FA, Duarte BB, Marone SA. Emotional stress
evaluation of patients with moderate and severe sleep apnea syndrome. Int
Arch Otorhinolaryngol. 2017;21(1):28–32.
36. Hein M, Lanquart JP, Loas G, Hubain P, Linkowski P. Prevalence and risk
factors of moderate to severe obstructive sleep apnea syndrome in
insomnia sufferers: a study on 1311 subjects. Respir Res. 2017;18(1):135.
https://doi.org/10.1186/s12931-017-0616-8.
37. World Health Organization. Night noise guidelines for Europe. 2009.
Available from: http://www.euro.who.int/__data/assets/pdf_file/0017/43316/
E92845.pdf. Accessed 16 Feb 2018.
38. ActiGraph. ActiLife 6 User’s Manual. Available from: https://s3.amazonaws.
com/actigraphcorp.com/wp-content/uploads/2018/02/22094137/SFT12
DOC13-ActiLife-6-Users-Manual-Rev-A-110315.pdf. Accessed 30 Sept 2017.
39. Cole RJ, Kripke DF, Gruen W, Mullaney DJ, Gillin JC. Automatic sleep/wake
identification from wrist activity. Sleep. 1992;15(5):461–9. https://doi.org/10.1
093/sleep/15.5.461.
40. Li S, Fong DYT, Wong JYH, Wilkinson K, Shapiro C, Choi EPH, et al.
Nonrestorative sleep scale: reliable and valid for the Chinese
population. Qual Life Res. 2019;28(6):1685–92. https://doi.org/10.1007/
s11136-019-02134-8.
41. Fong DYT, Takemura N, Chau PH, Wan SLY, Wong JYH. Measurement
properties of the Chinese Weinstein noise sensitivity scale. Noise Health.
2017;19(89):193–9. https://doi.org/10.4103/nah.NAH_110_16.
42. Mak WWS, Cheung RYM, Law LSC. Sense of community in Hong Kong:
relations with community-level characteristics and residents’ well-being. Am
J Community Psychol. 2009;44(1-2):80–92. https://doi.org/10.1007/s10464009-9242-z.
43. Lee S, Ma YL, Tsang A. Psychometric properties of the Chinese 15-item
patient health questionnaire in the general population of Hong Kong. J
Psychosom Res. 2011;71(2):69–73. https://doi.org/10.1016/j.jpsychores.2011.
01.016.
44. Leung DYP, Lam TH, Chan SSC. Three versions of perceived stress scale:
validation in a sample of Chinese cardiac patients who smoke. BMC Public
Health. 2010;10(1):513. https://doi.org/10.1186/1471-2458-10-513.
45. Chan YF, Leung DY, Fong DY, Leung CM, Lee AM. Psychometric evaluation
of the hospital anxiety and depression scale in a large community sample
of adolescents in Hong Kong. Qual Life Res. 2010;19(6):865–73. https://doi.
org/10.1007/s11136-010-9645-1.
46. Ha SC, Lee DL, Abdullah VJ, van Hasselt CA. Evaluation and validation of
four translated Chinese questionnaires for obstructive sleep apnea patients
in Hong Kong. Sleep Breath. 2014;18(4):715–21. https://doi.org/10.1007/
s11325-013-0889-1.
47. Wong JY, Tiwari A, Fong DY, Humphreys J, Bullock L. Depression among
women experiencing intimate partner violence in a Chinese community.
Nurs Res. 2011;60(1):58–65. https://doi.org/10.1097/NNR.0b013e3182002a7c.

Li et al. BMC Public Health

(2021) 21:643

48. Fox J, Weisberg S, Price B, Adler D, Bates D, Baud-Bovy G, et al. Car:
companion to applied regression. Third Edition Available from: https://cran.
r-project.org/web/packages/car/index.html. Accessed 12 Jan 2020.
49. Daoud JI. Multicollinearity and regression analysis. Journal of Physics
Conference. Series. 2017;949(1):012009.
50. Wilkinson K. The psychometric properties of the nonrestorative sleep scale
and a prospective observational study of the physiological correlates of
nonrestorative sleep [Master’s thesis, University of Toronto]. 2012. Available
from: https://tspace.library.utoronto.ca/bitstream/1807/32639/6/Wilkinson_
Caitlin_20126_MSc_thesis.pdf. Accessed 10 Nov 2020.
51. Sing CY, Wong WS. Prevalence of insomnia and its psychosocial correlates
among college students in Hong Kong. J Am Coll Heal. 2010;59(3):174–82.
https://doi.org/10.1080/07448481.2010.497829.
52. Wong WS, Fielding R. Prevalence of insomnia among Chinese adults in
Hong Kong: a population-based study. J Sleep Res. 2011;20(1 Pt 1):117–26.
https://doi.org/10.1111/j.1365-2869.2010.00822.x.
53. Morin CM, LeBlanc M, Bélanger L, Ivers H, Mérette C, Savard J. Prevalence of
insomnia and its treatment in Canada. Can J Psychiatr. 2011;56(9):540–8.
https://doi.org/10.1177/070674371105600905.
54. Frei P, Mohler E, Roosli M. Effect of nocturnal road traffic noise exposure
and annoyance on objective and subjective sleep quality. Int J Hyg Environ
Health. 2014;217(2–3):188–95. https://doi.org/10.1016/j.ijheh.2013.04.003.
55. Pirrera S, De Valck E, Cluydts R. Field study on the impact of nocturnal road
traffic noise on sleep: the importance of in- and outdoor noise assessment,
the bedroom location and nighttime noise disturbances. Sci Total Environ.
2014;500–501:84–90.
56. Muzet A. Environmental noise, sleep and health. Sleep Med Rev. 2007;11(2):
135–42. https://doi.org/10.1016/j.smrv.2006.09.001.
57. Marks A, Griefahn B, Basner M. Event-related awakenings caused by
nocturnal transportation noise. Noise Control Eng J. 2007;56(1):52–62.
58. Fidell S, Tabachnick B, Mestre V, Fidell L. Aircraft noise-induced awakenings
are more reasonably predicted from relative than from absolute sound
exposure levels. J Acoust Soc Am. 2013;134(5):3645–53. https://doi.org/1
0.1121/1.4823838.
59. Chen X, Velez JC, Barbosa C, Pepper M, Gelaye B, Redline S, et al.
Evaluation of actigraphy-measured sleep patterns among children with
disabilities and associations with caregivers’ educational attainment:
results from a cross-sectional study. BMJ Open. 2015;5(12):e008589.
https://doi.org/10.1136/bmjopen-2015-008589.
60. Sitnick SL, Goodlin-Jones BL, Anders TF. The use of actigraphy to study
sleep disorders in preschoolers: some concerns about detection of
nighttime awakenings. Sleep. 2008;31(3):395–401. https://doi.org/10.1093/
sleep/31.3.395.
61. Lin CY, Tsai PJ, Lin KY, Chen CY, Chung LH, Wu JL, et al. Will daytime
occupational noise exposures induce nighttime sleep disturbance? Sleep
Med. 2018;50:87–96. https://doi.org/10.1016/j.sleep.2018.05.025.
62. Watson D, Naragon-Gainey K. Personality, emotions, and the emotional
disorders. Clin Psychol Sci. 2014;2(4):422–42. https://doi.org/10.1177/2167702
614536162.
63. Chirico F, Heponiemi T, Pavlova M, Zaffina S, Magnavita N. Psychosocial risk
prevention in a global occupational health perspective. A descriptive
analysis. Int J Environ Res Public Health. 2019;16(14):2470.
64. Kim EJ, Dimsdale JE. The effect of psychosocial stress on sleep: a review of
polysomnographic evidence. Behav Sleep Med. 2007;5(4):256–78. https://doi.
org/10.1080/15402000701557383.
65. Magnavita N, Di Stasio E, Capitanelli I, Lops EA, Chirico F, Garbarino S.
Sleep problems and workplace violence: a systematic review and metaanalysis. Front Neurosci. 2019;13:997. https://doi.org/10.3389/fnins.2019.
00997.
66. Hammen C. Stress and depression. Annu Rev Clin Psychol. 2005;1(1):293–319.
https://doi.org/10.1146/annurev.clinpsy.1.102803.143938.
67. Medina AB, Lechuga DA, Escandon OS, Moctezuma JV. Update of sleep
alterations in depression. Sleep Sci. 2014;7(3):165–9. https://doi.org/10.1016/j.
slsci.2014.09.015.
68. White KP, Speechley M, Harth M, Ostbye T. The London fibromyalgia
epidemiology study: comparing the demographic and clinical
characteristics in 100 random community cases of fibromyalgia versus
controls. J Rheumatol. 1999;26(7):1577–85.
69. Cooper RG, Booker CK, Spanswick CC. What is pain management, and what
is its relevance to the rheumatologist? Rheumatology (Oxford). 2003;42(10):
1133–7. https://doi.org/10.1093/rheumatology/keg313.

Page 15 of 15

70. Sareen J, Afifi TO, McMillan KA, Asmundson GJ. Relationship between
household income and mental disorders: findings from a population-based
longitudinal study. Arch Gen Psychiatry. 2011;68(4):419–27. https://doi.org/1
0.1001/archgenpsychiatry.2011.15.
71. Childs E, de Wit H. Regular exercise is associated with emotional resilience
to acute stress in healthy adults. Front Physiol. 2014;5:161.
72. Ozbay F, Johnson DC, Dimoulas E, Morgan CA, Charney D, Southwick S.
Social support and resilience to stress: from neurobiology to clinical
practice. Psychiatry (Edgmont). 2007;4(5):35–40.
73. Albu S, Umemura G, Forner-Cordero A. Actigraphy-based evaluation of sleep
quality and physical activity in individuals with spinal cord injury. Spinal Cord
Ser Cases. 2019;5(1):7. https://doi.org/10.1038/s41394-019-0149-0.
74. Mendelson M, Borowik A, Michallet AS, Perrin C, Monneret D, Faure P, et al.
Sleep quality, sleep duration and physical activity in obese adolescents:
effects of exercise training. Pediatr Obes. 2016;11(1):26–32. https://doi.org/1
0.1111/ijpo.12015.
75. Podsakoff PM, MacKenzie SB, Lee JY, Podsakoff NP. Common method biases
in behavioral research: a critical review of the literature and recommended
remedies. J Appl Psychol. 2003;88(5):879–903. https://doi.org/10.1037/00219010.88.5.879.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

