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Abstract

Physical inactivity and sleep disturbances are major problems in an ageing society. There is

increasing evidence that physical activity is associated with sleep quality. However, the

association between daily walking steps and sleep remain unclear. This prospective study

examined the relationship between objectively measured daily walking steps and sleep

parameters in Japanese community-dwelling older adults. In total, 855 community-dwelling

individuals aged 65 and above, with an uninterrupted follow-up from August 2015 to March

2016, were enrolled. The participants wore a wristband sensor for an average of 7.8 days

every three months. Multiple linear regression analysis was performed to examine the rela-

tionship between daily walking steps and sleep parameters, including the total sleep time,

sleep efficiency, time awake after sleep onset (WASO), awakening time count during the

night, and naptime. The median (interquartile range, IQR) age of the participants was 73

(69–78) years, with 317 (37.1%) men and 538 (62.9%) women. The median (IQR) educa-

tional level was 12 (11–12) years, and the median (IQR) Mini-Mental State Examination

score was 29 (27–30) points. The number of daily walking steps showed a positive correla-

tion with sleep efficiency and an inverse correlation with WASO, awakening time count, and

naptime, after adjusting for covariates and correcting for the false discovery rate (β = 0.098,

95% confidence interval [CI]: 0.034 to 0.162, p = 0.003; β = −0.107, 95% CI: −0.172 to −-

0.043, p = 0.001; β = −0.105, 95% CI: −0.17 to −0.04, p = 0.002; and β = −0.31, 95% CI:

−0.371 to −0.249, p < 0.001, respectively). Our results can help promote walking as an inter-

vention for preventing sleep disturbances in community-dwelling older adults.

Introduction

Sleep disturbances are a major problem in an aging society with an increasing life expectancy

[1, 2]. Generally, the prevalence of sleep disorders increases with age. Up to 50% of commu-

nity-dwelling older adults suffer from sleep problems, such as difficulty initiating or
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maintaining sleep [1]. In Japan, almost 30% of older adults claim to be affected by insomnia

[3]. This inevitable change is associated with an increased risk of cognitive impairment, major

chronic diseases, and mortality [4–6]. Therefore, maintaining sleep quality is a key determi-

nant of the health-related quality of life of older adults. We have previously examined an asso-

ciation between objectively measured lifestyle factors and global cognitive function in

community-dwelling older adults [7]. Random forest regression analysis showed that daily

walking steps and total sleep time were associated with Mini-Mental State Examination

(MMSE) score. We suggest that daily walking steps and total sleep time are important lifestyle

factors for preventing cognitive impairment in older adults. However, the association between

daily walking steps and sleep parameters has not been clarified in our previous study. A grow-

ing body of evidence has shown an association between sleep and physical function or activity

[8, 9]. Poor sleep quality is associated with physical inactivity and physical disability [10, 11],

whereas regular physical activity is important for improving the sleep quality [12]. These

results lead us to hypothesize that daily walking steps may be associated with sleep parameters

in older adults. Previous studies assessed sleep using self-report questionnaires, which tend to

yield poor reliability and consistency due to recall bias or misclassification, particularly among

older adults. Therefore, an objective measurement of daily walking steps and sleep parameters

is required to confirm their association. Wearable sensors have previously been employed to

evaluate lifestyle factors, such as physical activity and sleep, in large epidemiological studies

[10, 11, 13, 14]. These sensors are considered to be noninvasive, cost-effective tools to objec-

tively measure total daily movement and sleep, and the data collected by them are not affected

by recall bias. To the best of our knowledge, a few studies have reported the relationship

between objectively measured moderate-to-vigorous- intensity physical activities and sleep

parameters in community-dwelling older adults [15, 16]. Few studies, however, examined the

association between objectively measured daily walking steps and sleep parameters in older

adults. In this study, we focused on daily walking steps because engaging in exercise programs

is typically difficult for older people due to their physical limitations or health conditions.

Walking is a convenient and safe activity for all age groups and accounts for most of the energy

expenditure among older people. Moreover, walking enhances the physical health and reduces

the risk of all-cause mortality [17, 18]. Therefore, the aim of this study was to confirm whether

daily walking steps are associated with the duration or quality of sleep in community-dwelling

older adults using wearable sensors.

Materials and methods

Participants

855 community-dwelling adults [317 men, 37.1%; 538 women, 62.9%; median (interquartile

range, IQR) age: 73 (69–78) years, median (IQR) educational level: 12 (11–12) years] enrolled

in the community-based observational study focusing on lifestyle factors related to dementia

in Usuki between August 2015 and March 2016, as described elsewhere [7]. Participants were

required to wear a wristband sensor for an average of 7–14 days for every measurement period.

Moreover, measurement of the lifestyle factors was repeated every three months for one year

(i.e., four times per year; total study duration: 56 days) to eliminate measurement errors due to

seasonal differences in lifestyle [19]. Briefly, the inclusion criteria were as follows: (1) age� 65

years, (2) residents of Usuki, (3) physically and psychologically healthy individuals, (4) absence

of dementia, and (5) ability to independently perform the activities of daily living. The exclu-

sion criteria included a history of other neurological and psychiatric disorders (including Par-

kinson’s disease or epilepsy), severe head trauma, alcoholism, severe cardiac failure, severe

hepatic or renal dysfunction, patients undergoing treatment for cancer, and individuals
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experiencing walking difficulties as a result of a stroke. All participants underwent a physical

examination, a cognitive function evaluation using MMSE, and a medical interview at base-

line. Height and weight were measured, and the body mass index (BMI) was calculated as

weight (kg) divided by height (m2). Data pertaining to demographic characteristics (including

age, sex, and education level), vascular risk factors, such as hypertension, diabetes mellitus,

and hypercholesterolemia, smoking status, history of alcohol consumption, diagnosis of

dementia, and medication history were collected at baseline via interviews conducted by

trained medical staff. History of a chronic disease was defined as a prior diagnosis of stroke,

cardiac disease, hepatic or renal disease, or cancer. Assessments of vascular risk factors, such

as hypertension, diabetes mellitus, and hypercholesterolemia were based on a detailed clinical

and medication (antihypertensive, antidiabetic, or hypocholesterolemic medication) history.

Moreover, information pertaining to a diagnosis of dementia or the administration of medica-

tion for dementia was collected from the local hospital. Information related to decreases in the

activities of daily living as a result of a cognitive impairment was obtained from the partici-

pants and their closest relatives via face-to-face clinical interviews. This prospective study was

conducted in accordance with the Declaration of Helsinki and was approved by the Local Eth-

ics Committee of the Oita University Hospital (UMIN000017442). Written informed consent

was obtained from all the subjects to participate in the study.

Wearable-sensor data

All participants were asked to wear a wristband sensor (Silmee™ W20; TDK Corporation,

Tokyo, Japan) on their wrist day and night, except while bathing. These wearable sensors were

used to measure various lifestyle parameters, including walking steps, as well as various sleep

parameters. These parameters were calculated by gathering the sensor data for each day and

averaging it over the entire measurement period. The number of daily walking steps was calcu-

lated by averaging the total number of steps per day. Sleep parameters include total sleep time

(TST), sleep efficiency, time awake after sleep onset (WASO), awakening time count, and nap-

time. TST, sleep efficiency, WASO, and awakening time count were measured from 18:00 to

05:59 on the subsequent morning. The start point was defined as the clock time associated

with the beginning of the first 20 min block of sleep without movement. TST was defined as

the average total number of minutes slept per day. Sleep efficiency was calculated as the per-

centage of TST over the time spent in bed. Nocturnal awakening was defined as 20 min of con-

tinuous movement from sleep onset to the end of sleep. WASO and awakening time count

were calculated by averaging the total number of minutes awake after sleep onset and the fre-

quency of awakening per day, respectively. Naptime was defined as rest without movement

recorded on the wearable sensor from 06:00 to 17:59 on the same evening. We verified the

measurement accuracy of the walking steps and sleep duration by comparing the sensor data

with video observation data in healthy older participants [7]. Data are presented as “mean

(standard deviation, SD)” or as “median (IQR).”

Statistical analysis

Multiple linear regression analysis was performed to examine the association between the

number of daily walking steps and different sleep parameters, such as TST, WASO, sleep effi-

ciency, awakening time count, and naptime, after adjusting for covariates (including age, sex,

educational level, BMI, vascular risk factors, alcohol consumption, and smoking status), and

p-values of<0.05 were considered to indicate statistical significance. The resulting p-values

were corrected according to the false discovery rate. All statistical analyses were conducted

using IBM SPSS Statistics version 25.0 (IBM Corp., Armonk, NY, USA).
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Results

Demographic characteristics of the study population and wristband sensor

data

The median (IQR) BMI was 23.0 (21.1–25.1) kg/m2 and the median (IQR) MMSE score was

29 points (27–30 points). Ever smoker was 4.2% and ever drinker was 41.4%. 429 subjects

(50.2%) had a history of hypertension, 114 (13.3%) had a history of diabetes mellitus, and 281

(32.9%) had a history of hypercholesterolemia. The mean (SD) duration for which lifestyle

data were collected using the wristband sensor was 31.3 days (7.1 days) per year (7.8 days on

average every three months). The median (IQR) number of daily walking steps was 5,115.7

(3,395.3–7,061.4), the mean (SD) TST was 408.4 min (69.1 min), the median (IQR) WASO

was 19.6 min (11.6–30.3 min), the median (IQR) sleep efficiency was 95.5% (93.1%–97.1%),

the median (IQR) awakening time count was 0.46 counts (0.29–0.69 counts), and the median

(IQR) naptime was 37.9 min (21.5–64.9 min). The daily walking steps and sleep parameters in

our cohort were similar to those found in previous studies on Japanese adults at a comparable

age [20, 21].

Multiple linear regression analyses

Table 1 summarizes the results of the multiple linear regression analyses, showing the associa-

tion between the number of daily walking steps and various sleep parameters. Daily walking

steps showed a positive correlation with sleep efficiency (Fig 1A) and an inverse correlation

with WASO (Fig 1B), awakening time count (Fig 1C), and naptime (Fig 1D) after adjusting for

covariates and correction for the false discovery rate (β = 0.098, 95% confidence interval [CI]:

0.034 to 0.162, p = 0.003; β = −0.107, 95% CI: −0.172 to −0.043, p = 0.001; β = −0.105, 95% CI:

−0.17 to −0.04, p = 0.002; and β = −0.31, 95% CI: −0.371 to −0.249, p< 0.001, respectively).

However, the correlation between the number of daily walking steps and TST was attenuated

to a nonsignificant trend after adjusting for covariates (β = −0.001, 95% CI: −0.066 to 0.065,

p = 0.99).

Discussion

We herein examined the association between daily walking steps and sleep parameters in com-

munity-dwelling older adults. Several studies have examined the association between moder-

ate-to-vigorous- intensity physical activities and sleep parameters using self-report

questionnaires. We have previously examined an association between lifestyle factors and

global cognitive function and suggested that daily walking steps and total sleep time were

important for preventing cognitive impairment [7]. However, the association between daily

Table 1. Multiple regression model showing the association between the daily walking steps and sleep parameters.

Walking steps

β (95% CI) p-value

TST −0.001 (−0.066, 0.065) 0.99

Sleep efficiency 0.098 (0.034, 0.162) 0.003�

WASO −0.107 (−0.172, −0.043) 0.001�

Awakening time count −0.105 (−0.17, −0.04) 0.002�

Naptime −0.31 (−0.371, −0.249) <0.001�

TST, total sleep time; WASO, time awake after sleep onset; CI, confidence interval.

�p< 0.05.

https://doi.org/10.1371/journal.pone.0243910.t001
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walking steps and sleep parameters has not examined in this cohort. To the best of our knowl-

edge, this is the first study clarifying the association between objectively measured daily walk-

ing steps and sleep parameters in older adults using a wearable sensor. The present study

provided novel and interesting insights for devising public health strategies to improve the

quality of sleep. Daily walking steps showed a positive correlation with sleep efficiency and an

inverse correlation with WASO, awakening time count, and naptime after adjusting for covari-

ates and correcting for the false discovery rate. This result indicates an association between the

walking steps and sleep quality of older adults. This study has several strengths; this was a

large-scale study of community-dwelling older adults, and it included objective measurements

of daily walking steps and sleep parameters.

The most interesting finding in this study was that the increase in the daily walking steps

was associated with greater sleep efficiency, lower frequency of awakening after sleep onset,

and shorter WASO and naptime. Several studies have examined the association between physi-

cal function or activity and sleep parameters in older adults [10, 11, 14, 15, 22–26]. Despite the

varied study designs and methods used for sleep assessment, previous studies have revealed a

robust association between physical function or activity and sleep parameters. For example,

Fig 1. Association between daily walking steps and sleep parameters. Daily walking steps showed a positive correlation with sleep efficiency (A) and an

inverse correlation with WASO (B), awakening time count (C), and naptime (D). WASO, time awake after sleep onset.

https://doi.org/10.1371/journal.pone.0243910.g001

PLOS ONE Association between objectively measured walking steps and sleep

PLOS ONE | https://doi.org/10.1371/journal.pone.0243910 December 14, 2020 5 / 8

https://doi.org/10.1371/journal.pone.0243910.g001
https://doi.org/10.1371/journal.pone.0243910


cross-sectional studies employing self-reported questionnaires showed an association among

long sleep duration, poor sleep quality, and decreased physical function [2, 15, 22–25], whereas

other studies employing actigraphy showed an association among short or long sleep duration,

poor sleep quality, and decreased physical function [10, 11]. A longitudinal study employing

self-reported measures showed an association between long sleep duration and decreased

physical function [26], and another study employing actigraphy showed an association

between poor sleep quality (characterized by greater WASO and lower sleep efficiency) and

decreased physical function [14]. However, the present study differs from previous studies in

that it included an objective measurement of both physical activity and sleep parameters using

a wearable sensor, which eliminated the risk of recall bias or misclassification. Only one study

reported the temporal and bidirectional association between objectively measured sleep

parameters and physical activity indices in older adults [15]. This previous study, however,

included a small number of healthy women (n = 143, mean age: 73 years) and assessed a mod-

erate-to-vigorous-intensity physical activity. In contrast, we measured daily walking in a large

number of older adults. Walking is a convenient and safe activity for older adults. Moreover,

interventional studies have shown that walking is better than vigorous physical activity with

respect to achieving a good sleep quality [27–29]. Therefore, we suggest that increased daily

walking steps may be associated with a good sleep quality. Although the mechanism underly-

ing the association between physical activity and sleep is not well understood, physical activity

can reduce systemic inflammation and improve body composition or psychological well-being

[30].

Our results showed no significant correlation between daily walking steps and sleep dura-

tion. Previous studies employing actigraphy have shown contradictory results regarding asso-

ciation physical function and sleep duration [10, 14]. One study showed the association

between decreased physical function and short or long sleep duration [10], whereas the other

study showed no significant association between physical function and sleep duration [14].

Although it remains unclear whether daily walking steps is more closely associated with sleep

quality compared to sleep duration, a previous interventional study reported that walking

could improve sleep quality rather than sleep duration [29].

Some limitations in our study should be considered while interpreting the results. First, the

cross-sectional design of the study does not permit any causal inferences. Second, we did not

assess other type of physical activity, including moderate- or vigorous- intensity physical activ-

ity. Further studies are needed to determine which type of physical activity is associated with

sleep quality or duration. Third, we collated clinical data to define the presence or absence of

dementia; however, patients with possible dementia may not have been completely excluded

from the study. Although all participants were decided to be physically and psychologically

healthy by physical examination medical interview at baseline, the participants with chronic

disease could not be excluded completely from participating in the current study.

In conclusion, to the best of our knowledge, this is the first study demonstrating an associa-

tion between objectively measured daily walking steps and sleep quality. Increased daily walk-

ing steps are associated with greater sleep efficiency, lower frequency of awakening time count,

and shorter WASO and naptime. The current results may contribute to the development of

new evidence-based interventions for improving sleep quality in community-dwelling older

adults.
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