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Abstract

Background: Although studies have shown that sleep quality (duration) is associated with health-related quality of
life (HRQoL), most of these studies have been small-sized and targeted at young and middle-aged adults. In addition,
few studies have explored the path mechanism of sleep disorders leading to impaired HRQoL.

Objectives: This study aimed to determine the association between sleep quality and duration and HRQolL among
the elderly in the United Kingdom, assess whether depression mediated the association, and explore the role of physi-
cal activity (PA) in the path association.

Methods: Data were extracted from the baseline survey of the UK Biobank, a large prospective cohort study enroll-
ing more than 500,000 participants, of which 52,551 older adults (aged >60years) were included in the study. HRQolL
was assessed using the European Quality of Life-5 Dimensions. Tobit and multivariate logistic regression models were
used to determine the association between sleep quality and duration and HRQoL. The mediating and moderated
mediation models were estimated using the PROCESS macro and MEDCURVE macro.

Results: The Tobit model showed that the elderly with short or long sleep duration (3 =— 0.062, 95% confidence
interval [Cl]=—0.071 to —0.053; 3=—10.072, 95% Cl= —0.086 to — 0.058) had worse HRQoL after adjusting potential
covariates. In the logistic regression models, we found an inverted U-shaped association between sleep duration and
HRQoL. Moreover, a significant positive association was observed between sleep quality and HRQoL (all P<0.05). The
results also revealed that depression mediated the association between sleep disorders and HRQoL (sleep quality:
3=0.008, 95% CI=0.007-0.010; sleep duration: =0.001 [mean], 95% Cl=0.001-0.002). Furthermore, PA moderated
all paths among sleep quality and duration, depression, and HRQoL, and greater effects were observed in the elderly
with lower PA levels.
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Conclusions: The findings show that poor sleep quality and duration were independently associated with worse
HRQoL among the elderly in the United Kingdom. Furthermore, PA buffers the mediating effect of depression and
adverse effects of sleep disorders on HRQoL. It is essential to properly increase PA and provide early intervention for
depression in the elderly with sleep disorders to improve their HRQoL.
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Introduction
Sleep is a fundamental behaviour that accounts for
nearly a third of the day and is not only the physiologi-
cal process of regulating and maintaining the health
status of the body but also an important indicator of
an individual’s health status [1, 2]. Sleep duration is
decreasing in modern society, and unhealthy sleep hab-
its are a growing trend [3]. More than one-third of the
world’s population has sleep problems, which are par-
ticularly prominent among the elderly [4]. Sleep status
generally changes with age [5]. Studies have shown that
up to 50% of the elderly in Europe experience varying
degrees of sleep disorders [5, 6]. Sleep disorders (such
as insomnia, sleep apnoea, and snoring), often charac-
terised by decreased sleep quality and abnormal sleep
duration, are increasingly common health problems
among the elderly [7, 8]. A large number of epidemio-
logical and laboratory studies have confirmed that sleep
disorders are not only associated with all-cause mor-
tality, incidence of mental illness, and cardiovascular
disease in the elderly but also lead to fatigue, weakness,
and cognitive decline, which ultimately worsen an indi-
vidual’s health-related quality of life (HRQoL) [9-13].
HRQoL has been widely used clinically to evaluate the
effect of sleep disorders on health in the elderly popu-
lation because it provides a multidimensional perspec-
tive and considers the patient’s emotional and physical
functioning and social well-being [14-16]. Although
previous studies have suggested that sleep disorders
could have a disadvantageous influence on the HRQoL
[14, 16—19], there are still some questions that have not
been fully addressed. Firstly, most of them are small
sample size [14, 20], and more attention is paid to
young and middle-aged people [21, 22]. However, since
sleep duration (quality) and HRQoL will decrease with
age, so they may be less representative for the elderly.
Additionally, the vast majority of studies only focus on
the sleep duration [13, 17] and draw inconsistent con-
clusions [16, 20, 21]. Last but not least, few studies have
explored the pathway mechanism of HRQoL decline
caused by sleep disorders. Accordingly, it is impera-
tive to confirm the association between sleep duration
(quality) and HRQoL utilizing a large sample database,
and further explore the pathway mechanism behind the
association.

Further exploration of the path mechanism provides
a new perspective on how and when independent vari-
ables affect the dependent variables. In this study, we
regard depression as a mediator between sleep disorders
and HRQoL for the following reasons: Firstly, a study of
an elderly Asian population found that poor sleep qual-
ity is associated with depressive symptoms (OR=5.14,
95% CI: 3.21 to 8.23) [23]. A study adopting longitudinal
design found that long sleep duration significantly pre-
dicted depressive symptoms after 2 years (OR=2.52, 95%
CI: 1.27 to 4.99) [24]. Additionally, a number of studies
have suggested that depressive symptoms are associated
with low HRQoL in older adults [25-27]. For example,
a study in Nepal found a significant negative correlation
between depression and HRQoL (coefficient=—1.23,
95% CI: —1.72 to —0.72) [25]. Hence, it is reasonable
to regard depression as a mediator between sleep qual-
ity and duration and HRQoL. Empirical studies have
confirmed that physical activity (PA) is a key factor in
improving the health of the elderly [28—30]. For example,
a randomised controlled trial showed that increased PA
could improve depression mood in insomnia individuals
(F (8,26)=5.16, P =0.03) [29]. A meta-analysis indicated
that PA could improve the physical and mental health of
patients with depression [30]. In a randomized controlled
trial of elderly people with insomnia, it was found that
aerobic exercise such as walking, cycling or treadmill
could ameliorate their quality of life [28]. Accordingly,
we speculated that PA may moderate the direct and indi-
rect relationships between sleep disorders and HRQoL
through depression as a mediator.

Data-driven inference to determine the association
between sleep quality and duration and HRQoL and
whether depression and PA may be potential explana-
tions for the association between sleep disorders and
impaired HRQoL is crucial. Thus, the purposes of this
study were two-fold: (1) to examine the association
between sleep quality and duration and HRQoL based
on a large-scale national representative database (UK
Biobank [UKB]) among the elderly in the United King-
dom and (2) to explore whether depression mediated
the association between sleep and HRQoL, and whether
PA moderated the association between these three fac-
tors based on a theoretical framework model diagram
(Fig. s1).
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Materials and methods

Study population

The study population comprised 51,551 older (aged
60vyears and over) participants of the UKB, a large-scale
prospective cohort study with 502,490 participants
recruited between 2006 and 2010 across the United
Kingdom. A detailed description of the UKB database
has been reported previously [31]. The UKB project was
approved by the North West Multicenter Research Ethi-
cal Committee, and all participants provided informed
consent at recruitment.

Before the analysis, we cleaned the data appropriately.
First, 336,006 participants with missing HRQoL-related
data were excluded based on self-reported diagnoses
obtained via verbal interview. Second, 104,276 partici-
pants aged under 60years were excluded based on their
age at recruitment (UKB data field 21,022). A total of 564
participants with missing sleep quality data consisting of
five sleep behaviour data were excluded. Additionally, we
excluded 10,093 participants who lacked PA-related data
(8517) and depression-related data (1576). Ultimately,
51,551 elderly participants in the UKB were included in
this study (Fig. s2).

Definition of sleep duration and quality

Sleep duration was defined according to the following
question: ‘How many hours of sleep do you get in every
24 hours? (please include naps)?’ To obtain possible non-
linear association, sleep duration was divided into five
categories: <5, 6, 7-8, 9, and > 10h, with 7-8h as the ref-
erence [32]. Short sleepers were defined as participants
who slept <5h/d, and long sleepers were defined as par-
ticipants who slept >10h/d [33].

A new healthy sleep score, including five sleep charac-
teristics, was used to evaluate the sleep quality of partici-
pants [34]. Early chronotype (‘morning’ or ‘morning than
evening’) (UK Biobank code: 1180), adequate sleep dura-
tion (7-8h/day) (code: 1160), never or rarely experience
sleeplessness/insomnia (code: 1200), no self-reported
snoring (code: 1210), and no frequent daytime sleepi-
ness (code: 1220) represented low-risk sleep characteris-
tics [34]. For each sleep characteristic, participants with
low-risk sleep characteristics were assigned a score of
1, whereas those classified as high-risk had a score of 0.
Participants were scored from 0 to 5, according to their
number of the low-risk sleep characteristics, and were
divided into three groups: ‘healthy’ (scores >4), ‘less
healthy’ (scores at 2 and 3), and ‘poor’ (scores <1) [34].

Definition of physical activity and depression

The total metabolic equivalent task minutes (UK Biobank
code: 22040) were used to measure total PA (includ-
ing walking and moderate and vigorous activity) in the
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past week [35]. In UK Biobank, the validated 2-item
Patient Health Questionnaire (PHQ-2) was used to assess
depressive symptoms at baseline [36]. The questionnaire
asked respondents about the frequency of “depression
mood” (UK Biobank code: 2050) and “unenthusiasm/dis-
interest” (UK Biobank code: 2060) in the past two weeks.
The response options included “not at all” (assigned a
score of 0), “several days” (1), “more than half the days”
(2) and “nearly every day” (3). Therefore, the score range
of the questionnaire can be from 0 to 6, where 3 scores
and above indicated that depression may occur [36]. PA
and depression were considered continuous variables in
the current study.

Health-related quality of life measure

HRQoL was measured using the European Quality of
Life-5 Dimensions 5-levels (EQ-5D-5L) (UK Biobank
codes: 120098-120,102) instrument consisting of a self-
reported five-dimensional health descriptive system and
self-rated overall health using the EuroQol visual ana-
logue scale [37]. The descriptive system consists of five
dimensions, including mobility (MO), self-care (SC),
usual activities (UA), pain/discomfort (PD), and anxiety/
depression (AD), and each dimension has five levels of
response (from ‘no problems’ to ‘extreme problems’). The
self-reported health states of the five dimensions can be
converted into a single utility score based on the England
value set [38]. For example, the health status “12,212”
indicated that the respondent had no problems with MO
and PD, but had slightly problems with SC, UA and AD.
Then the utility score of respondents with health status
of “12,212” =1— (0+0.050+0.050+ 0+ 0.078) =0.822
(Table s1). The utility score ranges from —0.281 (worst
health) to 1 (full health), with higher scores indicating
better HRQoL. Low HRQoL was defined as a utility score
less than or equal to the mean minus one standard devia-
tion (SD) [39]. Cronbach’s coefficient was 0.797 in the
present study.

Measurement of covariates

Sociodemographic variables included self-reported age,
sex (female vs. male), race (recorded as white and others),
educational level (college/university and others), socio-
economic status (SES, according to the Townsend depri-
vation index, an official measurement of relative material
deprivation in small areas [40]), smoking status (current
or former vs. never), alcohol consumption (current or
former vs. never), and body mass index (BMI, kg/m?).
Non-communicable disease (NCD) variables associated
with sleep disorders, including hypertension, diabetes,
cataract, stroke, coronary heart disease (CHD), chronic
obstructive pulmonary disease, asthma, and migraine,
were ascertained from self-reported physician diagnoses
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of 345 diseases encoded using the International Classifi-
cation of Diseases-Tenth Revision.

Statistical analyses

The baseline characteristics of the study participants
were summarised as numbers with percentages and
means £+ SDs for categorical and continuous variables,
respectively. Pearson’s chi-squared analysis for categori-
cal variables and Wilcoxon’s rank-sum test for continuous
variables were used to determine differences in baseline
characteristics according to sleep quality and duration.

A Tobit regression model was used to explore the asso-
ciation between sleep quality and duration and HRQoL
utility score (continuous) [41]. Multivariate logistic
regression was used to evaluate the association between
sleep quality and duration and HRQoL utility scores and
dimensions, while controlling for the measured covari-
ates. In this analysis, each EQ-5D dimension (with or
without problems) and utility score (low or high) were
regarded as binary dependent variables. In addition,
three models were constructed in this study. Model 1 was
adjusted for sociodemographic characteristics. Model 2
was further adjusted for NCD factors. Model 3 included
all covariates in Model 2, plus PA and depression scores.

The Spearman correlation coefficient was used to
examine the correlations among the main study variables.
The PROCESS and MEDCURVE macro, according to
Hayes’ recommendation [42, 43], were used when assess-
ing the mediation and moderated mediation models
for sleep quality and duration, depression, and HRQoL.
All regression coefficients were tested using the bias-
corrected percentile bootstrap (repeated sampling 5000
times), while controlling for measured covariates, and all
variables were standardised prior to data analysis [44].

There were 74 types of models in the PROCESS macro
[42]. In the present study, model 4 was selected to test
the mediating effect, and model 59 was applied to test
the moderated mediation effect between sleep quality
and HRQoL. Simple slope analysis was performed to
further examine the direction and intensity of the mod-
eration effect when the moderated variable (PA) was
divided into two levels, high and low, according to M
(mean) 41 SD [45].

Curve fitting based on a generalised additive model
was conducted to test the nonlinear association among
sleep duration, depression, and HRQoL [39]. After con-
firming the nonlinear association, a mediation model was
constructed using the MEDCURVE macro. The mediat-
ing effect of depression in this nonlinear association was
called the instantaneous indirect effect (0) [43]. To better
understand 0, we estimated 0 at M (mean sleep duration)
—1SD, M, and M+1 SD, in that 0 changes with differ-
ent levels of sleep duration [43]. Similar to sleep quality,
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the PROCESS macro (model 59) was also used to test the
moderated mediation effect of the nonlinear association
by specifying quadratic sleep duration as the independ-
ent variable, depression as the mediator variable, PA as
the moderator variable, HRQoL as the outcome variable,
and sleep duration and interaction between sleep dura-
tion and PA as additional control variables [46].

All data analyses were performed using SAS version
9.4 (SAS Institute Inc., Cary, NC, USA) and SPSS version
25.0 (SPSS Inc., Armonk, NY, USA). A P value <0.05 was
considered significant using two-sided tests.

Results

Characteristics of participants

Overall, the participants reported a mean HRQoL utility
score of 0.883+0.135, and 60.3% rated their sleep quality
as less healthy. The percentage of female sex, educational
level below college/university, prevalence of history of
hypertension and CHD, and asthma were significantly
higher among those with poor sleep quality than those
with healthy and less healthy sleep quality (P<0.05).
Conversely, participants with healthy sleep quality were
more likely to possess higher SES and HRQoL util-
ity scores and lower BMI and depression scores than
those with less healthy and poor sleep quality (P<0.05)
(Table 1). Regarding sleep duration, the average sleep
duration of the elderly was 7.254+1.00h, and those with
7-8h of sleep duration significantly performed better in
all respects than with other sleep durations (Table s2).
An inverted U-shaped association was observed between
sleep duration and mean HRQoL utility score, with the
highest HRQoL at 7-8h of sleepers (Fig. s3A). A positive
correlation was also observed for sleep quality (Fig. s3B).

Association between sleep quality and duration

and health-related quality of life

HRQoL utility scores increased as sleep quality improved,
although the ascent slightly weakened after more covari-
ates were adjusted. According to model 3 (adjusted all
covariates), the regression coefficients for elderly with
less healthy and healthy sleep quality were 0.012 (95%
CI, 0.004-0.020, P=0.003) and 0.021 (95% CI, 0.012—
0.029, P<0.001), respectively. A curvilinear association
was observed between sleep duration and HRQoL util-
ity scores. Short sleepers had lower HRQoL (= — 0.062;
95% CI, —0.071 to —0.053 for <5h, P<0.001), and
long sleepers had lowest HRQoL (p=—0.072; 95% CI,
—0.086 to —0.058 for >10h, P<0.001) compared with
7- to 8-h sleepers (Table 2). When HRQoL was dichot-
omised, no more than 5h, 6h, 9h, 10h of sleep duration
were all significantly inversely U-shaped and associated
with increased odds for low HRQoL compared with
reference group (odds ratio, OR=2.10, 1.32, 1.20, 2.10,
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Table 1 Characteristics of study participants according to sleep quality among the elderly in the UK

Baseline characteristics Poor less-healthy healthy P

(n=2238) (n=31,109) (n=18,204)

Sociodemographic characteristics
Age, years 63.6+27 636428 636427 0.059
Female 1182(52.8) 15,737(50.6) 9093(50.0) 0.029
Townsend Index —18+28 —19427 —20£27 0.003
College or university degree 842(37.6) 12,683(40.8) 7769(42.7) <0.001
Ethnicity, white race 2195(98.3) 30,525(98.5) 17,879(98.5) 0.580
BMI, kg/m? 27.1+43 269+42 268+42 <0.001
Sum MET, min 2550£2551 2614+ 2485 2584+ 2407 0.022
Depression score 0.43+£0.95 0.33+£0.81 0.30+£0.75 <0.001
Current or former smoker 1078(48.2) 14,817(47.6) 8515(46.8) 0.136
Current or former alcohol drinker 2164(96.7) 30,140(96.9) 17,670(97.1) 0415

NCDs
Hypertension 289(12.9) 3698(11.9) 1991(10.9) <0.001
Diabetes 115(5.1) 1453(4.7) 782(4.3) 0.063
Cataract 109(4.9) 1397(4.5) 805(4.4) 0.624
Stroke 55(2.5) 670(2.2) 368(2.0) 0324
CHD 149(6.7) 1934(6.2) 1015(5.6) 0.006
COPD 51(2.3) 592(1.9) 326(1.8) 0.251
Asthma 166(7.6) 2420(8.0) 1259(7.1) 0.002
Migraine 85(3.8) 1051(3.4) 565(3.1) 0.110

Low-risk sleep characteristics
Early chronotype 57(3.2) 13,141(48.7) 15,655(89.3) <0.001
Sleep 7-8h/day 160(7.2) 19,675(63.3) 17,035(93.6) <0.001
Never/rarely insomnia 18(0.8) 4738(14.1) 8833(48.5) <0.001
No self-reported snoring 4102.1) 15,063(52.4) 16,147(90.0) <0.001
No frequent daytime sleepiness 1893(84.9) 30,324(97.6) 18,168(99.8) <0.001

EQ-5D-5L
Utility score 0.867£0.147 0.881£0.137 0.889+£0.129 <0.001

Problems of Dimensions
Mobility 832(37.2) 10,966(35.3) 6068(33.3) <0.001
Self-care 286(12.8) 3344(10.8) 1746(9.6) <0.001
Usual activities 932(41.6) 11,611(37.3) 6450(35.4) <0.001
Pain/discomfort 1351(60.4) 17,968(57.8) 10,235(56.2) <0.001
Anxiety/depression 588(26.3) 6922(22.3) 3658(20.1) <0.001

EQ-5D-5L European Quality of Life-5 Dimensions 5-levels, CHD coronary heart disease, COPD chronic obstructive pulmonary disease. Continuous variables presented

as mean = SD (standard deviation) and categorical variables presented as n (%)

respectively, all P<0.001), after adjustment for poten-
tial confounders (model 3) (Fig. 1). Similar results were
found for sleep quality (OR=1.11 and 1.29 for less-
healthy and poor sleep quality in model 3, all P<0.001)
(Fig. s4). Furthermore, regarding the risk of experiencing
EQ-5D problems, participants with abnormal sleep dura-
tion (OR=1.12-2.05, except for sleep duration of 9h on
pain/discomfort dimension, all P<0.001) and poor sleep
quality (OR=1.05-1.36, all P<0.001) had a higher risk
of problems with EQ-5D dimensions than their counter-
parts (Fig. 2).

Correlations and descriptive analyses of the Main study
variables

Sleep quality and duration were negatively cor-
related with depression (r=-—0.038 and—0.062,
respectively, P<0.001) and positively correlated with
HRQoL(r=0.042 and 0.051, respectively, P<0.001).
PA positively correlated with quality of life and nega-
tively correlated with depression(r =0.040 and — 0.053,
respectively, P<0.001). Depression negatively corre-
lated with HRQoL(r = — 0.203, P<0.001) (Table s3).
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Table 2 Association between sleep quality, duration, and the utility scores using Tobit regression analysis

Model 1 Model 2 Model 3
Sleep quality model B 95%Cl P B 95%Cl P B 95%Cl P
Poor Ref. Ref. Ref.
Less-healthy 0016 0.008, 0.024 <0001 0014 0.006, 0.022 <0001 0012 0.004, 0.020 0.003
Healthy 0.025 0.017,0.033 <0.001  0.023 0.015,0.031 <0.001 0.021 0.012,0.029 <0.001
R? 0.112 0.139 0.280
Sleep duration (hours) model 3 95%Cl P B 95%Cl P B 95%Cl P
<=5 —0.070 —0.079, —0.061 <0001 —0065 —-0.074,-0056 <0001 —-0062 —0071,—0053 <0.001
6 —0.026 —0030,—0022 <0001 —0024 —0029,—0020 <0001 —0023 —0027,—0018 <0.001
7-8 Ref. Ref. Ref.
9 —-0.018 —-0.024,-0011 <0001 —-0015 -—-0021,—-0008 <0001 —0014 —0.021,—0.008 <0.001
>=10 —0.084 —0098 —0070 <0001 —0077 —0092,—0.063 <0001 —0072 —0.086 —0058 <0.001
R? 0.173 0.196 0327

ref. reference, OR odds ratio, C/ confidence interval. Model 1 is adjusted for age, sex, education level, race, Townsend deprivation Index, smoking, drinking, and BMI.
Model 2 is adjusted for the covariates in model 1+ NCDs including hypertension, CHD, COPD, diabetes, cataract, asthma, stroke, migraine. Model 3 is adjusted for the

covariates in model 2 + depression and physical activity

—0—Invalid line m Model 1 A—Model 2 Model 3
3.5
3
2.5
O A
=) rs
S 2 | L
<
F
1. 1 +
I + 4
A
|1
1 i
<=5 6 7 to 8 (ref.) 9 >=10
0.5 Sleep duration (hours)
Fig. 1 Association between sleep duration categories and low health-related quality of life among the elderly

Mediation effect analysis between sleep quality

and health-related quality of life

Sleep quality had a significant positive predictive effect
on HRQoL (p=0.043; 95% CI, 0.034—0.052), and the
direct predictive effect of sleep quality on HRQoL was
still significant when depression was added. Mean-
while, sleep quality had a significant negative predictive
effect on depression (p=—0.041; 95% CI, —0.050 to

—0.030). Depression also had a significant negative pre-
dictive effect on HRQoL (p=—0.204; 95% CI, —0.215
to —0.192). Hence, we believe that depression played
a partial mediating role (effect=0.008; 95% CI, 0.007-
0.010) in the association between sleep quality and
HRQoL, accounting for 19.6% of the total effect (Table
s4). The path diagram of the mediation effect is shown
in Fig. 3.
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Fig. 2 Association between sleep quality, duration, and self-reported the incidence of EQ-5D-5L problems among the elderly

Moderated mediation effect analysis between sleep
quality and health-related quality of life

After PA was included in the model, the interaction term
between sleep quality and PA significantly predicted
depression and HRQoL (=0.011, P=0.017; p=0.009,
P=0.036), and the interaction term between depres-
sion and PA also had a significant predictive effect on

HRQoL ($=0.010, t=2.149, P=0.022). These findings
indicate that PA played a moderating role in the associa-
tion between sleep quality and HRQoL (Table s5). As PA
level increased, the mediating effect of depression on the
association between sleep quality and HRQoL declined
and the direct effect between sleep quality and HRQoL
increased (Table 3). To visualise the moderating effect,

/ Degrsssion.

a=-0.0413%*

N

b= -0.2038%**

Sleep quality

—=

0=0.0420%**
c+=0.0345%**

Fig. 3 The mediating effect path diagram

HRQoL
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Table 3 Effect values of sleep quality on HRQoL at different levels of physical activity
Physical activities Effect Boot SE Boot LLCI Boot ULCI
Direct effect M+1SD 0.0436 0.0064 0.0313 0.0558
M 0.0344 0.0044 0.0257 0.0432
M-1SD 0.0252 0.0066 0.0126 0.0380
Diff (low and high) 0.0183 0.0096 0.0003 0.0371
Indirect effect M-1SD 0.0110 0.0015 0.0082 0.0141
M 0.0084 0.0059 0.0065 0.0102
M+1SD 0.0059 0.0012 0.0035 0.0083
Diff (low and high) —0.0051 0.0020 —0.0090 —0.0014

Standardized variables were substituted into the regression equation; M mean, SD standard deviation, Diff difference, SE standard error, LLC/ lower limit confidence

interval, ULCI Upper limit confidence interval

——LowPA —=—HighPA

—+—LowPA —=—HighPA

—+—LowPA —®—HighPA

0.10 4 0.15 0.06
0.08 1 0.10 004
0.06 4
0.05 4
_, 0.04 1 0.02
£ 0 2 0.00 1 3
g o1 g 0.00
g 0.00 + & 0.05 =
-0.02 A -0.02
-0.10
-0.04 A
0,06 4 -0.15 -0.04
-0.08 T N -0.20 1 -0.06 T
Low ) High Low High Low High
Sleep quality Depression Sleep quality
a b c

Fig. 4 PA moderated the indirect (a, b) and direct effect (c) between sleep quality and HRQoL

PA was divided into a high-level group (M+1 SD) and
a low-level group (M — 1 SD) in simple slope analy-
ses. Sleep quality had a significant predictive effect on
depression, but the predictive effect was stronger for the
elderly with low-level PA than for those with high-level
PA (larger slope) (Fig. 4a). Similarly, PA adversely mod-
erated the mediating effect of depression and positively
regulated the direct effect of sleep quality on HRQoL
(Fig. 4b and c).

Quadratic sleep duration on depression and health-related
quality of life

After the quadratic term of sleep duration was included
in the model (model b), R* increased significantly, indi-
cating a significant curvilinear association among sleep
duration, depression, and HRQoL (Table s6). After visu-
alising this nonlinear association, we found a signifi-
cant U-shaped association between sleep duration and
depression and sleep duration and HRQoL (Fig. s5).

Mediation effect analysis between sleep duration

and health-related quality of life

The mediation model is presented in Fig. 5, and the path
results are presented in Table s7. In this model, quadratic

sleep duration directly affected depression (f=0.046,
P<0.001) and HRQoL (p=—0.008, P<0.001), whereas
depression directly affected HRQoL (p=—0.033,
P<0.001). The results showed that depression partially
mediated the quadratic association between sleep dura-
tion and HRQoL. The values of the instantaneous indi-
rect effect (0) indicated that sleep duration positively
affected HRQoL through depression among the elderly
with short and moderate sleep duration (f=0.004; 95%
CI, 0.004-0.005; f=0.001; 95% CI, 0.001-0.002) and
that the mediating effect of depression decreased with
the prolongation of sleep duration (from low to moder-
ate). Conversely, when the elderly had a long sleep dura-
tion, sleep duration negatively affected HRQoL through
depression (p=—0.002; 95% CI, —0.002 to — 0.001).

Moderated mediation effect analysis between sleep
duration and health-related quality of life

The effects of the interaction term of quadratic sleep
duration and PA on depression and HRQoL were sta-
tistically significant (p=—0.008, P=0.001; 3=0.006,
P=0.017). The results indicated that PA regulated
the nonlinear association between sleep duration and
depression and sleep duration and HRQoL (Table 4).
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Fig. 5 The mediation model of quadratic sleep duration on HRQoL through depression among the elderly
Table 4 Summary of moderated mediation model results between the sleep duration and HRQoL among the elderly
Depression HRQoL
B SE P 95%ClI B SE P 95%Cl
Linear sleep duration —0.0561 0.0045 <0.001 —0.0648, —0.0473  0.0298 0.0044  <0.001 0.0213,0.0384
Quadratic sleep duration 0.0576 0.0026 <0.001 0.0525,0.0628 —0.0573 0.0026 <0.001 —0.0623, —0.0523
PA —0.0259 0.0051 <0.001 —0.0360, —0.0158 0.0082 0.0050 0.103 —0.0016,0.0180
Linear sleep duration *PA —0.0034 00043 0432 —0.0118,0.0051 0.0044 00042 0292 —0.0038,0.0127
Quadratic sleep duration *PA —0.0080 0.0024 0.001 —0.0127, —0.0034 0.0056 0.0023 0.017 0.0010.0.0101
Depression —0.1927 00044  <0.001 —0.2013, —0.1841
Depression* PA 0.0088 0.0044 0.046 0.0002,0.0175

RY(F,P) 0.0532(F=471.4726, P<0.001)

0.0141(F=142.5452, P<0.001)

Sd sleep duration, PA physical activity, HRQoL health-related quality of life, SE standa

rd error, Cl confidence interval
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Simple slope analysis showed that when PA levels
increased from low to high, the curvilinear association
between sleep duration and depression blunted (the
curve was flatter) (Fig. 6a). Similarly, PA moderated
the effects of sleep duration and depression on HRQoL
(Fig. 6b and c). Specifically, the higher the PA level, the
weaker the direct and indirect effects of sleep duration
on the quality of life (Table s8).

Discussion

To the best of our knowledge, this study is the first to
explore the association between sleep disorders and
HRQoL among elderly individuals in the United King-
dom using a large nationally representative sample from
the UKB database. Moreover, we first used a moder-
ated mediation analysis to elucidate the mediating role
of depression between sleep quality and duration and
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HRQoL and the moderating role of PA among them.
Compared with previous epidemiological studies that
mainly focused on HRQoL among patients with sleep
disorders, our study not only confirmed the negative
effect of sleep disorders on HRQoL but also further clari-
fied the underlying path mechanism of sleep disorders
leading to low HRQoL. These findings are expected to
contribute to the development of targeted interventions
to improve HRQoL among elderly individuals in the
United Kingdom.

The association between sleep disorders and HRQoL
among the elderly has been widely explored in China
[14, 16], Spain [17], and other countries [18, 19]. How-
ever, due to differences in race, sample size, HRQoL
instruments selected, and potential confounders, our
study is slightly different from them. For example, a
study based on 5539 elderly Chinese community par-
ticipants found no significant association between sleep
duration and HRQoL utility score [16]. Conversely, our
findings indicated that short or long sleep duration was
significantly negatively correlated with HRQoL util-
ity score, which may be attributed to the differences of
sleep patterns among different ethnic groups. A previ-
ous Spanish study found that the association between
sleep duration and HRQoL was much stronger than our
study [17]. Nevertheless, there is evidence that sleep
quality is more strongly associated with HRQoL than
sleep duration [21]. Hence, the difference may be sub-
ject to the fact that the study did not include sleep qual-
ity, resulting in an overestimation of the study effect.
Accordingly, a large number of well-designed UKB data,
including more detailed sleep duration and a novel sleep
quality score, are warranted to validate the association.
Obviously, determining effective interventions that
directly regulate sleep disorders has proven to be chal-
lenging. Therefore, exploring alternative approaches to
reduce the adverse effects of sleep disorders on HRQoL
is crucial for improving HRQoL in the elderly.

In this study, we found that depression acts as a par-
tial mediator in the relationships between sleep disorders
and HRQoL. Previous studies regarding sleep disorders
were significant predictors of depression in the elderly,
supporting our findings [47-54]. One possible expla-
nation was that the elderly with sleep disorders were
often accompanied by reduced cognition, physical func-
tion, and vitality and poor subjective health [2, 17, 48,
55], all of which are significant precursors of depression
[56]. Additionally, sleep disorders can lead to a range of
adverse consequences, such as poor concentration and
reduced glucose tolerance and sympathetic nervous
system activation, which can trigger depressive symp-
toms [14]. Furthermore, depression, which has been
widely documented, is associated with chronic disease
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incidence, comorbidity, and mortality, ultimately lead-
ing to a decline in the HRQoL of the elderly [40, 56—58].
Many empirical studies have indicated that poor mental
health, mainly depression, could have a serious nega-
tive effect on HRQoL among the elderly [2, 59, 60] These
results suggest that targeted interventions for depression
disorders may mitigate the effect of sleep disorders on
impaired HRQoL in the elderly.

PA, an easily regulated low-cost behavioural factor, was
found to have a moderating effect on both the adverse
effect of sleep disorders on HRQoL and on the mediat-
ing effects of depression based on a moderated mediation
analysis. In other words, although sleep disorders, either
directly or indirectly through depression, had a negative
effect on HRQoL, the elderly who experienced high PA
levels were less affected. Our results were consistent with
the previous findings that PA could exert a positive influ-
ence on sleep disorders and depression [29, 61, 62]. For
example, one study suggested that PA can improve sleep
by improving depression symptoms in adults aged above
60years [62] and ultimately improve their health. Another
clinical trial found that inactive PA worsens sleep qual-
ity and mental health of patients with insomnia, further
reducing their HRQoL [29]. Additionally, a study in South-
east Asia suggested that PA can prevent depression and
improve sleep in the elderly [61]. BDNF is a neurotrophic
factor expressed in the hippocampus and is thought to
play a key role in depression [63]. Mechanism studies have
shown that PA significantly increases the expression of
BDNEF in the brain, and increased PA may actively promote
brain growth, especially in the hippocampus [64]. Hence,
it is reasonable to believe that high PA levels may mitigate
some of the adverse effects of depression-mediated sleep
disorders on HRQoL. Meanwhile, our findings showed
that sleep disorders had a greater effect on HRQoL among
the elderly with low-level PA than high-level PA, which
indicated that PA moderated the independent associa-
tion between sleep disorders and HRQoL. One proposed
physiological mechanism suggested that PA increases
body temperature, thereby promoting sleep by activating
the cooling process and sleep-inducing mechanisms con-
trolled by the hypothalamus, and that increased energy
expenditure also leads to increased non-rapid eye move-
ment sleep, based on the energy conservation theory [65].
A previous study also discovered that moderate-intensity
aerobic exercise, such as bikes or treadmills, improved self-
reported sleep, mood, and HRQoL in elderly individuals
with chronic insomnia [28]. Evidence has shown that sleep
disorders may lead to reduced maximal oxygen uptake,
increased exercise-related injuries, daytime fatigue, and
reduced regular participation in PA, increasing the risk
of adverse health outcomes and ultimately worsening
HRQoL in the elderly [66].
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Study strengths and limitations

The present study has several strengths. First, the
findings are highly representative of the elderly in the
United Kingdom as the study included a nationally
representative large sample size of participants and
adjusted for potential confounding factors. Second,
the novel sleep quality score, which combines vari-
ous basic sleep characteristics, provides a convenient
and comprehensive method for studying the complex
effects of sleep and other time-dependent variables.
Finally, this study adds new knowledge to the examina-
tion of mediating and moderated mediating effects in
the nonlinear association between sleep duration and
HRQoL.

This study has some limitations. First of all, in UK
Biobank, the low response rate (5.5%) affected by
selection bias [67] and the study sample being mostly
of European descent may influence the generality of
our results extrapolating to other populations. How-
ever, studies have showed that the risk factor associa-
tions in the UK Biobank appear to be universal despite
the low response rate [68]. Secondly, dichotomising
various factors may lead to loss of information and
statistical power in multivariate analysis. However, the
classification treatment of various continuous vari-
ables in current study is not only based on the conven-
tional practice of previous literature [39, 69], but also
makes the interpretation and presentation of results
easier to understand [70]. In addition, the sleep dura-
tion variable collected in this study was self-reported
information, which may lead to recall bias. Neverthe-
less, there is a good correlation between subjective
sleep duration and sleep duration measured using
objective tools [71]. Finally, depression only partially
mediates the association between sleep disorders and
HRQoL, which indicates that exploring other mediat-
ing factors among the association in the elderly is war-
ranted in the future.

Conclusions

Our study showed that poor sleep quality and abnormal
sleep duration were associated with impaired HRQoL
among elderly individuals in the United Kingdom.
Depression partially mediated this association. Addi-
tionally, PA moderated all paths among sleep, depres-
sion, and HRQoL, and greater effects were observed in
the elderly with lower PA levels. Hence, we suggest that
healthcare decision-makers should regularly monitor the
mental health of the elderly, especially those with sleep
disorders, and encourage them to participate in physi-
cal activities as much as possible to prevent or alleviate
the negative effects of depression and ultimately improve
their HRQoL.
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