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Abstract: Older adults are susceptible to poor night-time sleep, characterized by short sleep duration
and high sleep disruptions (i.e., more frequent and longer awakenings). This study aimed to
longitudinally and objectively assess the changes in sleep patterns of older Australians during the
2020 pandemic lockdown. A non-invasive mattress-based device, known as the EMFIT QS, was
used to continuously monitor sleep in 31 older adults with an average age of 84 years old before
(November 2019–February 2020) and during (March–May 2020) the COVID-19, a disease caused by a
form of coronavirus, lockdown. Total sleep time, sleep onset latency, wake after sleep onset, sleep
efficiency, time to bed, and time out of bed were measured across these two periods. Overall, there
was no significant change in total sleep time; however, women had a significant increase in total sleep
time (36 min), with a more than 30-min earlier bedtime. There was also no increase in wake after
sleep onset and sleep onset latency. Sleep efficiency remained stable across the pandemic time course
between 84–85%. While this sample size is small, these data provide reassurance that objective sleep
measurement did not deteriorate through the pandemic in older community-dwelling Australians.

Keywords: mattress-based device; longitudinal sleep monitoring; older adults; pandemic-related health

1. Introduction

The events of 2020 and COVID-19, a disease caused by a form of coronavirus, have
exposed all populations to unprecedented stressors, with older populations identified early
in the pandemic as being at increased risk of adverse outcomes if infected with COVID-
19 [1]. Older populations are known to have significantly increased risk of experiencing
post-traumatic stress disorder (PTSD) and adjustment disorder symptoms as a result of
natural disaster compared to younger individuals [2]. In a large cohort of 52,730 adult
respondents in China, in early 2020, people over 60 years were found to have higher stress
scores compared to middle-aged respondents [3]. Over 65-year-olds in many countries
have experienced a deterioration in self-reported sleep quality and mental health since the
announcement of the COVID-19 pandemic by the World Health Organization [4–8].

To date, most reports on sleep quality in older populations have been self-reported
changes, using validated questionnaires such as the Pittsburgh Sleep Quality Index (PSQI)
or Insomnia Severity Index (ISI). During the first Italian lockdown, a cohort of 2291 partici-
pants self-reported a significant increase in sleep latency on PSQI compared with previous
normative data [7]. A different cohort of 1310 Italians reported going to bed, on average,
41 min later, with 52.4% of respondents reporting poor quality sleep, despite a 26-min
increase in time spent in bed [8].

Self-reported sleep quality, however, can poorly correlate with measured total sleep
time [9]. Longitudinal measurement of sleep is of interest in order to investigate whether
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perceptions and objective sleep measurements align. Awareness of sleep–wake cycles is
particularly important during a crisis; for example to ensure care providers allocate staff
for at the correct time for nightly care routines.

Consumer-grade sleep measurement devices can be categorized into three main
classes: (i) wrist-based devices (e.g., Apple watch® (Apple Inc., Los Altos, CA, USA), FitBit®

(Fitbit, Inc., San Francisco, CA, USA), Garmin®(Garmin Ltd., Schaffhausen, Switzerland),
Amazfit® (Zepp Health Corporation, Hefei, China), Polar® (Polar Electro Oy, Kempele,
Finland)), (ii) bedside devices (e.g., S+® (ResMed, San Diego, CA, USA), Touch-Free Life
Care® (Bam Labs, Inc., Los Gatos, CA, USA)), and (iii) mattress-based devices (e.g., Beddit®

(Beddit Oy, Espoo, Finland), EarlySense Mattress® (EarlySense, Ramat Gan, Israel), EMFIT
QS (Emfit Ltd., Vaajakoski, Finland), Withings Sleep (Whithings, Issy-les-Moulineaux,
France), Beautyrest® (The Simmons Bedding Company, Atlanta, GA, USA)). With regards
to validation, wrist-worn devices have been shown to estimate sleep onset latency within
10 min (level of agreement between −15.1 min to +23.2 min) [10] and have a >90% sen-
sitivity in detecting sleep, with reasonable agreement in detecting rapid eye movement
(REM) sleep (60–75%) [11]. Validation of these devices has been undertaken in adolescent
cohorts [12], healthy adults, and in sleep-disordered patients [13]; however, little validation
has been undertaken in the 65 years and older population. The discomfort of wearing a
device at night for longitudinal data measurement can limit device acceptability. Mattress-
based devices have the advantage of a “set-and-forget” approach, given that they are not
intrusive, which helps enable access to longitudinal data.

One such method for longitudinal sleep monitoring is a mattress-based device known
as the EMFIT QS (Quantified Sleep), developed and manufactured by Emfit, Finland. This
ballistocardiograph (BCG) measures mechanical chest wall movements from heartbeat
and respiration, from which sleep stage and time are inferred. The EMFIT QS heart rate
(HR) and respiration rate (RR) measurements have been validated against the gold stan-
dard in-laboratory polysomnography (PSG) electrocardiogram and respiratory inductive
plethysmography. Comparing EMFIT QS against PSG data collected from 33 patients
showed that the 95% limits of agreement for HR were between −4.4 and 4.4 beats per
minute (bpm), whereas for the RR, these limits were between −2.5 and 2.2 respirations per
minute (rpm) [14], indicating highly accurate results. This device has not been assessed in
a >65-year-old population.

Given the fears of older populations worldwide, we were interested in characterizing
potential changes in sleep duration and circadian rhythm following the announcement of
the 2020 pandemic. Thus, this study aimed to measure the difference in nighttime sleep
before and during COVID-19 restrictions, for a cohort of community-dwelling adults over
65 years old. The hypothesis was that there would be a >10% reduction in total sleep
time, increased wake after sleep onset, and reduced sleep efficiency comparing November
2019–February 2020 with March–May 2020.

2. Materials and Methods
2.1. Study Design

This study is a prospective cohort study, with data drawn as a sub-study of a larger
parallel group stratified randomized controlled trial (RCT), called the Dementia and Aged
Care Services project (DACS) trial [15]. DACS was conducted from November 2019 to
November 2020 in Queensland, Australia, to assess the long-term benefits of utilizing
the Smarter Safer Homes (SSH) platform in maintaining or improving the impact of care
provided by aged care service providers to older adults living independently. A total of
195 participants were recruited, with 98 participants allocated to the intervention group
with sensor systems installed into their homes.

2.2. Ethical Approval and Consent to Participate

This study was granted approval by the CSIRO Health and Medical Human Research
Ethics Committee (CHMHREC)—Proposal # HREC 4/2018. The participants consented
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that the information gained during this study could be published and that they would not
be identified or have their personal results divulged.

2.3. Participants and Recruitment

In total, 195 individuals, aged 65 years and older, were recruited from three aged
care service providers in three local government areas (i.e., metropolitan and regional) in
Queensland (QLD), Australia. The inclusion criteria were as follows:

• aged 65 years and older;
• living at home—in the care of a designated aged care service provider; and
• English speaking, with proficiency in written English.

The exclusion criteria included the following:

• people residing in long-term residential care;
• Individuals not able to give informed consent due to reasons such as severe cognitive

impairment (must have been able to provide informed consent); and
• people who were unwilling to leave their electricity on overnight.

Within each area, simple randomization was performed, and participants were as-
signed to either a provider’s traditional care (Control, n = 97) or had their services designed
and delivered through the SSH platform (Smart Home Group) aligned to Consumer Di-
rected Care (Intervention, n = 98). All participants assigned to the Smart Home Group
received the SSH kit and were able to access the SSH app for up to 12 months.

The platform included a sensor-based in-home monitoring system (data collection), a
cloud computing server (data analyses), and a client module (data presentation) with a
tablet app, a family portal, and a service provider portal. Table 1 demonstrates the sensor
types that were used to measure the different types of daily living event. Figure 1 provides
a pictorial of where the sensor types were positioned within each participant’s home.

Table 1. Sensor types and settings.

Daily Living Event Sensor Type Location

Meal preparation
Motion sensor

Electrical power sensor
Accelerometers

Dining room Kitchen

Dressing Motion sensor
Accelerometer Wardrobe

Hygiene
Motion sensor

Humidity sensor
Temperature sensor

Bathroom

Indoor walking Motion sensor All rooms

Sit–stand transition times
(out of a bed/chair)

Accelerometer
Pressure sensor

Sleep sensor

Bedroom
Living room
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Figure 1. Sensor set-up.

2.4. Sleep Monitoring Device

A contact-free sleep monitoring device, EMFIT QS, was used in DACS in order to
track the potential changes in an individual’s sleep for up to 12 months.

The sensor was placed under the bed mattress (Figure 2) [16]. It was combined with
a cloud-based analysis platform. The EMFIT QS measures BCG, respiration, and gross
body movements and provides overnight activity summary and sleep stage estimation
with sleep quality indicators. The HR and RR are calculated in real time with a short
dynamic window that automatically discards artefacts. The cloud receives the vital values
in 4-second resolution.
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Figure 2. EMFIT QS Sensor (reproduced with permission from EMFIT Ltd.).

2.5. Sleep Measurements

The following equivalent measures from sleep summary data of EMFIT QS per night
of sleep were derived: total sleep time (TST), measured in hours; sleep onset latency (SOL),
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measured in minutes; wake after sleep onset (WASO), measured in minutes; sleep efficiency
(SE), as a percentage ( TST

Time in Bed × 100); and time to bed and time out of bed per night
of sleep.

2.6. Study Population and Period

For the purpose of this pilot study, we only focused on participants from the Smart
Home Group, whose sleep was monitored pre-lockdown (November 2019–February 2020)
and during (March 2020–May 2020) the COVID-19 hard lockdown in QLD. The lockdown
measures for the geographic area from which participants were recruited included no
unnecessary visitors inside homes; the allowance for home deliveries to continue, but with
packages left at the front door; and the ability to attend shops for essential daily items such
as groceries or medical appointments. All non-essential services were ceased, and this
included the shutdown of any social type activities. These two periods have been labelled
as “pre-lockdown” and “during-lockdown” in our experimental design.

Preliminary assessment and validation of EMFIT QS sleep measurements showed that
when someone shared their bed, sleep measurements extracted from the targeted individual
can be highly impacted by another person sleeping on the same bed due to the high
sensitivity of the EMFIT QS. Therefore, this cohort included only single sleepers, excluding
sleepers who shared a bed, in order to avoid any data contamination from co-sleepers.

2.7. Statistical Analysis

Statistical analyses were performed in Python, 3.6. Alpha was set at 0.05 and tested
two-sided. All continuous variables were assessed for normal distribution by inspection of
histograms and the Shapiro–Wilk test. Normally distributed data are shown as mean ± SD.
Non-normally distributed data are presented with median and interquartile ranges (IQR).
A paired samples t-test was performed to compare normally distributed outcome measures
between two periods (shown as mean ± SD); non-normally distributed outcome measures
were assessed with Wilcoxon signed rank tests.

3. Results
3.1. Baseline Participant Characteristics

After excluding individuals who shared their bed, 31 participants (54.8% women;
average age of 84 ± 6.8 years) were included in the analysis. Population characteristics are
summarized in Table 2.

Table 2. Participants’ characteristics at baseline.

Total, n = 31

Age, years, mean ± SD [range] 84 ± 6.8 [70–94]
Female, n (%) 17 (54.8%)

Body mass index, kg/m2, mean ± SD 28.4 ± 6.1

3.2. Distribution

Figure 3 shows that total sleep time and sleep efficiency across the two periods,
pre-lockdown and during lockdown, are normally distributed when compared for all
participants, as well as female and male subgroups. However, wake after sleep onset for
both periods violates the assumption of normality in all participants (p < 0.0001) and female
groups (p < 0.01).
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3.3. Changes in Sleep Measures before and during Lockdown

Comparing the sleep measures of all participants showed that TST was increased
by 18 min, SOL remained stable, and there was a slight increase and decrease in SE and
WASO, respectively, during the lockdown period. However, none of these changes were
significant across the two periods (Table 3). The same pattern was observed when only
looking at female participants, with statistically significant differences in TST (a 36-min
increase during the lockdown from 6.9 to 7.2 h) and SE (1.7% increase during the lockdown
from 84.2% to 85.9%). The male subgroup spent slightly more time awake in bed after
sleep onset during the lockdown (from 78.7 to 79.3 min); however, this was not clinically or
statistically significant. There was no significant change in sleep onset latency in this cohort
before and during the lockdown. Figure 4 shows the box plots of TST, SE, and WASO
across the two periods.

There was a non-significant sleep phase advancement in sleep for the cohort overall
upon comparing time to bed pre-lockdown and during lockdown—from bedtime 20:11
to 20:25. Time out of bed was similar when comparing the two time periods. For women,
however, there was a significant phase advancement, with time to bed moving forward
by 36 min during the lockdown, but no significant changes in the time out of bed. This
indicates that females spent more time in bed during the lockdown.
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Table 3. Changes in sleep measures pre-lockdown and during lockdown.

Pre-Lockdown During Lockdown p

All Males Females All Males Females All Males Females

TST (h) 6.9 ± 1.6 6.5 ± 1.8 7.1 ± 1.5 7.2 ± 1.7 6.7 ± 1.9 7.7 ± 1.4 0.06 0.7 0.014 *

SOL
(min) 25.8 ± 4.9 25.7 ± 4.6 25.8 ± 5.3 25.7 ± 6.6 25.8 ± 6.6 25.6 ± 6.7 0.94 0.9 0.88

WASO
(min) 89.1 ± 37.3 78.7 ± 16 97.6 ± 47.2 86.8 ±

32.4 79.3 ± 17 93 ± 40.5 0.46 0.82 0.27

SE (%) 84.2 ± 4.8 84.2 ± 5.2 84.2 ± 4.7 85.1 ± 4.7 84.1 ± 4.5 85.9 ± 4.9 0.18 0.95 0.05 *

Time to
bed

20:11:25 ±
06:13:59

19:27:04 ±
07:58:38

20:47:56 ±
04:30:08

20:25:47 ±
05:00:48

20:44:06 ±
05:38:37

20:10:42 ±
04:35:37 0.76 0.47 < 0.1 ×

10−6*

Time out
of bed

07:01:26 ±
01:32:25

06:54:57
± 01:33:5

07:06:46 ±
01:33:41

06:51:18 ±
01:22:02

06:41:02 ±
01:30:09

06:59:45 ±
01:16:27 0.19 0.21 0.53

* p < 0.05 was considered statistically significant and p = 0.05 was considered borderline. TST: total sleep time (hour); SOL: sleep onset
latency (min); WASO: wake after sleep onset (min); SE: sleep efficiency (%).
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4. Discussion

Overall, there were no significant changes in measured sleep quantity for this small
cohort of older Australians before and during the COVID-19 pandemic lockdown. A
non-significant trend towards 18 min of increased total sleep time for the cohort was
observed. For older women, a significant increase in total sleep time of 36 min was
observed over the study period. This was likely due to an earlier bedtime during the
lockdown (March–May 2020) period (average time to bed was 20:47) compared with the
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pre-lockdown period (November 2019–February 2020) (average time to bed was 20:10).
Sleep efficiency remained stable across the pandemic period (between 84%–85%), and
there was no significant increase in wake after sleep onset and sleep onset latency. The
hypothesized deterioration in sleep quality was not observed in this cohort, which is not
reflective of worldwide self-reported changes to sleep quality during the pandemic.

Internationally, sleep and mental health have deteriorated throughout the pandemic.
Large international datasets have demonstrated increased time in bed and a delayed
sleep phase in pandemic-impacted countries, such as China [17], Italy [7,8], Germany [18],
and the United States of America [19]. Despite an increased opportunity for sleep, self-
reported sleep quality has deteriorated, with increased reports of poor sleep quality [7].
Casagrande et al. [7] found that 57.1% of 2291 Italian adults self-reported poor sleep qual-
ity and increased sleep onset latency compared with pre-pandemic control data. These
differences were worse in women compared to men [7]. Over 2020, Google searches for
“insomnia” increased 58% over early 2020 compared with the same time period in the pre-
vious 3 years [20], and the rate of searches increased as case-fatalities increased worldwide.
These studies, however, have tended to consist of younger respondents, with less robust
data for older adults. In previous large-scale traumatic events, such as the 2011 earthquake
and tsunami, older adults had a higher rate of sleep disturbance, and this was particularly
increased in those with financial hardship, poor social support, and pre-morbid anxiety
and depression [21].

The Australian response to COVID-19 predominantly consisted of closures and physi-
cal distancing measures, called into effect in March 2020 as local case numbers exceeded
1000. However, due to international boarder closures and the success of these early mea-
sures, Australian case number have consistently remained with an incident rate of only
29.32 per 100,000 people compared with the UK or South Korea at 6821.82 and 208.5 per
100,000 population, respectively [22]. COVID-19-related mortality in Australia has re-
mained low, at 3.64 deaths per 100,000 population, compared with the UK, at 191.2 deaths
per 100,000 population [22]. Thus, the psychological impact of lockdowns and the pandemic
in Australia have some unique qualities compared with countries that have experienced a
greater impact.

Some gender differences in sleep have emerged in the literature. At the beginning of
the pandemic, women were more likely to report poor quality sleep and insomnia [7,23].
However, it has been shown that over a seven-week COVID-19 lockdown, women self-
reported improvements in insomnia and sleep quality [23]. This cohort, however, was
young, with an average age of 34 years. Men in this cohort were more likely than women to
have an exacerbation of insomnia across the lockdown period [23]. The authors postulated
gender-based differences in stress response.

In the present study, objective measurements of sleep demonstrated a significant
increase in sleep time for older Australian women during the lockdown period. Unlike
international data, this cohort achieved increased total sleep time from going to bed earlier.
A reduction in care responsibilities for older women may be a possible explanation for the
increased total sleep time observed in our cohort. In Australia, before the pandemic, female
grandparents have been observed to be more likely to have care responsibilities than male
grandparents from both childcare provision and care of another older adult [24]. Among
grandparents involved in childcare responsibilities in Australia, grandmothers involved
in childcare have been shown to spend 13 h per week compared with grandfathers who
spend 10 h per week [24]. During the pandemic, grandparents were generally isolated from
their families, including their usual childcare duties. The decrease in caring responsibilities,
plus the halt in social activities, is a possible explanation for having more time available
for sleep. The other possible explanation for a longer sleep duration during the lockdown
(autumn in Australia) could be seasonal fluctuations [25,26].

Objective sleep measurement across the pandemic adds to the large self-report evi-
dence base, as subjective and objective measures do not necessarily align [7]. These data
provide some reassurance that sleep efficiency and duration can be maintained, even in
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a group vulnerable to pandemic-related stress. From a clinician perspective, these data
provide some reference points to reassure patients that whilst perceptions of sleep quality
change with stress, objectively measured parameters can remain stable. This can assist
clinicians in providing insomnia prevention advice, such as avoiding prolonged time in
bed when not asleep.

There are several limitations of this pilot project. The sample size was small, and
there were no paired subjective measures of sleep quality, such as Insomnia Severity
Index and Pittsburgh Sleep Quality Index. Further, the analysis has not included potential
confounders including detailed demographics (ethnicity, level of education), medical
comorbidities, or level of social support due to small sample size. Additionally, there
is little known about the accuracy and sensitivity of measurements captured through
the mattress-based devices in older adults. Having said that, longitudinal error was
internally controlled, as participants were their own control in this study. Moreover, such
devices are easy to set up and use with minimal disruptions to daily life routines (i.e., high
practicality), which makes them a preferable option for longitudinal monitoring. This is an
extra bonus when used among older populations. The other strengths include objective
sleep measurement, which has not been widely performed, and the focus on single sleepers
to reduce the risk of erroneous sleep measurement, compared with other studies that have
included mobile phone app data, which may have been contaminated by co-sleepers.

Non-wearable and non-invasive monitoring devices, such as EMFIT QS, have advan-
tages for continuous monitoring of older adults’ sleep compared to wearables with limited
battery life or mobile phone apps, for which there is a reliance on individuals to trigger or
sync a mobile phone app. This study presented a novel application of a home-based sleep
monitoring device for a group of people who are vulnerable to chronic diseases. Moving
forward, should the pandemic continue to fluctuate and our communities continue to
experience long periods of lockdown and isolation, it would be interesting to undertake
longitudinal objective sleep measurement with paired subjective sleep measurement in
order to better understand the impact of large-scale traumatic events on sleep and daytime
function. Furthermore, there is a need for an in-depth validation and acceptability of such
mattress-based monitoring devices. Another future direction is to investigate how such
novel platforms can provide opportunities for personalized healthcare.

5. Conclusions

Older adults have been through a period of increased psychological stress related
to COVID-19, which has been associated with a worsening of self-reported sleep quality.
This study evaluated objective sleep measures over the pandemic period in a cohort of
31 single sleeping adults aged over 65 years old. There was no significant change in total
sleep time; however, women did have a significant increase in total sleep time (36 min),
without any deterioration in sleep efficiency. Results of this pilot project provide some
reassuring insights into objective sleep measures during an unprecedented time—we can
reassure older adults that this is not associated with worsening objective sleep quality.

Author Contributions: Conceptualization: M.K. (Mahnoosh Kholghi), C.M.E., Q.Z., L.H. and M.K.
(Mohanraj Karunanithi); methodology: M.K. (Mahnoosh Kholghi) and C.M.E.; formal analysis: M.K.
(Mahnoosh Kholghi) and Y.G.; data collection: Q.Z., L.H. and M.K. (Mohanraj Karunanithi); data
curation: M.K. (Mahnoosh Kholghi) and Y.G.; writing—original draft preparation: M.K. (Mahnoosh
Kholghi) and C.M.E.; writing—review and editing: M.K. (Mahnoosh Kholghi), C.M.E. and L.H.;
funding acquisition: Q.Z., L.H. and M.K. (Mohanraj Karunanithi). All authors have read and agreed
to the published version of the manuscript.

Funding: The DACS trial was funded by the Dementia and Aged Care Services Fund, The Depart-
ment of Health Australia, grant number 4-4ZYS55Q.

Institutional Review Board Statement: This study was granted approval by CSIRO Health and
Medical Human Research Ethics Committee (CHMHREC)—Proposal # HREC 4/2018.



Sensors 2021, 21, 5993 10 of 11

Informed Consent Statement: Written informed consent was obtained from all individuals involved
in the study.

Data Availability Statement: The data that supports the findings of this study are available upon request.

Acknowledgments: The authors would like to acknowledge the research input of Anglicare Southern
Queensland, integratedliving Australia, and All about Living Australia.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Long, L.; Zeng, X.; Zhang, X.; Xiao, W.; Guo, E.; Zhan, W.; Yang, X.; Li, C.; Wu, C.; Xu, T.; et al. Short-term outcomes of COVID-19

and risk factors for progression. Eur. Respir. J. 2020, 55, 2000990. [CrossRef]
2. Parker, G.; Lie, D.; Siskind, D.J.; Martin-Khan, M.; Raphael, B.; Crompton, D.; Kisely, S. Mental health implications for older

adults after natural disasters–a systematic review and meta-analysis. Int. Psychogeriatr. 2016, 28, 11–20. [CrossRef]
3. Qiu, J.; Shen, B.; Zhao, M.; Wang, Z.; Xie, B.; Xu, Y. A nationwide survey of psychological distress among Chinese people in the

COVID-19 epidemic: Implications and policy recommendations. Gen. Psychiatry 2020, 33, e100213. [CrossRef]
4. Jia, G.; Yuan, P. The association between sleep quality and loneliness in rural older individuals: A cross-sectional study in

Shandong Province, China. BMC Geriatr. 2020, 20, 180. [CrossRef]
5. Parlapani, E.; Holeva, V.; Nikopoulou, V.A.; Sereslis, K.; Athanasiadou, M.; Godosidis, A.; Stephanou, T.; Diakogiannis, I.

Intolerance of Uncertainty and Loneliness in Older Adults during the COVID-19 Pandemic. Front. Psychiatry 2020, 11, 842.
[CrossRef] [PubMed]

6. Grossman, E.S.; Hoffman, Y.S.G.; Palgi, Y.; Shrira, A. COVID-19 related loneliness and sleep problems in older adults: Worries
and resilience as potential moderators. Personal. Individ. Differ. 2021, 168, 110371. [CrossRef] [PubMed]

7. Casagrande, M.; Favieri, F.; Tambelli, R.; Forte, G. The enemy who sealed the world: Effects quarantine due to the COVID-19 on
sleep quality, anxiety, and psychological distress in the Italian population. Sleep Med. 2020, 75, 12–20. [CrossRef] [PubMed]

8. Cellini, N.; Canale, N.; Mioni, G.; Costa, S. Changes in sleep pattern, sense of time and digital media use during COVID-19
lockdown in Italy. J. Sleep Res. 2020, 29, e13074. [CrossRef]

9. Lauderdale, D.S.; Knutson, K.L.; Yan, L.L.; Liu, K.; Rathouz, P.J. Self-reported and measured sleep duration: How similar are
they? Epidemiology 2008, 19, 838–845. [CrossRef] [PubMed]

10. Scott, H.; Lack, L.; Lovato, N. A systematic review of the accuracy of sleep wearable devices for estimating sleep onset. Sleep Med.
Rev. 2020, 49, 101227. [CrossRef]

11. De Zambotti, M.; Cellini, N.; Goldstone, A.; Colrain, I.M.; Baker, F.C. Wearable Sleep Technology in Clinical and Research Settings.
Med. Sci. Sports Exerc. 2019, 51, 1538–1557. [CrossRef]

12. De Zambotti, M.; Baker, F.C.; Willoughby, A.R.; Godino, J.G.; Wing, D.; Patrick, K.; Colrain, I.M. Measures of sleep and cardiac
functioning during sleep using a multi-sensory commercially-available wristband in adolescents. Physiol. Behav. 2016, 158,
143–149. [CrossRef]

13. Kang, S.-G.; Kang, J.M.; Ko, K.-P.; Park, S.-C.; Mariani, S.; Weng, J. Validity of a commercial wearable sleep tracker in adult
insomnia disorder patients and good sleepers. J. Psychosom. Res. 2017, 97, 38–44. [CrossRef] [PubMed]

14. Ranta, J.; Aittokoski, T.; Tenhunen, M.; Alasaukko-oja, M. EMFIT QS heart rate and respiration rate validation. Biomed. Phys. Eng.
Express 2019, 5, 025016. [CrossRef]

15. Zhang, Q.; Varnfield, M.; Higgins, L.; Smallbon, V.; Bomke, U.; O’Dwyer, J.; Byrnes, J.M.; Sum, M.; Hewitt, J.; Lu, W.; et al. Smarter
Safer Homes Solution to Support Older People Living in Their Own Homes through Enhanced Care Models: Methodologies for a
Stratified Randomized Controlled Trial. JMIR Prepr. 2021. [CrossRef]

16. EMFIT Sleep Tracking and Monitoring. Available online: https://www.emfit.com/ (accessed on 24 May 2021).
17. Lin, Y.; Liu, S.; Li, S.; Zuo, H.; Zhang, B. Relationships between the changes in sleep patterns and sleep quality among Chinese

people during the 2019 coronavirus disease outbreak. Sleep Med. 2021. [CrossRef]
18. Blume, C.; Schmidt, M.H.; Cajochen, C. Effects of the COVID-19 lockdown on human sleep and rest-activity rhythms. Curr. Biol.

2020, 30, R795–R797. [CrossRef]
19. Robbins, R.; Affouf, M.; Weaver, M.D.; Czeisler, M.É.; Barger, L.K.; Quan, S.F.; Czeisler, C.A. Estimated Sleep Duration before and

during the COVID-19 Pandemic in Major Metropolitan Areas on Different Continents: Observational Study of Smartphone App
Data. J. Med. Internet Res. 2021, 23, e20546. [CrossRef] [PubMed]

20. Zitting, K.-M.; Lammers-van der Holst, H.M.; Yuan, R.K.; Wang, W.; Quan, S.F.; Duffy, J.F. Google Trends reveals increases in
internet searches for insomnia during the 2019 coronavirus disease (COVID-19) global pandemic. J. Clin. Sleep Med. 2021, 17,
177–184. [CrossRef] [PubMed]

21. Li, X.; Buxton, O.M.; Hikichi, H.; Haneuse, S.; Aida, J.; Kondo, K.; Kawachi, I. Predictors of persistent sleep problems among
older disaster survivors: A natural experiment from the 2011 Great East Japan earthquake and tsunami. Sleep 2018, 41, zsy084.
[CrossRef]

22. Dong, E.; Du, H.; Gardner, L. An Interactive Web-Based Dashboard to Track COVID-19 in Real Time. Available online:
https://coronavirus.jhu.edu/map.html (accessed on 8 April 2021).

http://doi.org/10.1183/13993003.00990-2020
http://doi.org/10.1017/S1041610215001210
http://doi.org/10.1136/gpsych-2020-100213
http://doi.org/10.1186/s12877-020-01554-3
http://doi.org/10.3389/fpsyt.2020.00842
http://www.ncbi.nlm.nih.gov/pubmed/32973584
http://doi.org/10.1016/j.paid.2020.110371
http://www.ncbi.nlm.nih.gov/pubmed/32904342
http://doi.org/10.1016/j.sleep.2020.05.011
http://www.ncbi.nlm.nih.gov/pubmed/32853913
http://doi.org/10.1111/jsr.13074
http://doi.org/10.1097/EDE.0b013e318187a7b0
http://www.ncbi.nlm.nih.gov/pubmed/18854708
http://doi.org/10.1016/j.smrv.2019.101227
http://doi.org/10.1249/MSS.0000000000001947
http://doi.org/10.1016/j.physbeh.2016.03.006
http://doi.org/10.1016/j.jpsychores.2017.03.009
http://www.ncbi.nlm.nih.gov/pubmed/28606497
http://doi.org/10.1088/2057-1976/aafbc8
http://doi.org/10.2196/preprints.31970
https://www.emfit.com/
http://doi.org/10.1016/j.sleep.2021.01.021
http://doi.org/10.1016/j.cub.2020.06.021
http://doi.org/10.2196/20546
http://www.ncbi.nlm.nih.gov/pubmed/33493126
http://doi.org/10.5664/jcsm.8810
http://www.ncbi.nlm.nih.gov/pubmed/32975191
http://doi.org/10.1093/sleep/zsy084
https://coronavirus.jhu.edu/map.html


Sensors 2021, 21, 5993 11 of 11

23. Salfi, F.; Lauriola, M.; Amicucci, G.; Corigliano, D.; Viselli, L.; Tempesta, D.; Ferrara, M. Gender-related time course of sleep
disturbances and psychological symptoms during the COVID-19 lockdown: A longitudinal study on the Italian population.
Neurobiol. Stress 2020, 13, 100259. [CrossRef] [PubMed]

24. Ee, N.; Maccora, J.; Hosking, D.; McCallum, J. Australian Grandparents Care; National Seniors Australia: Canberra, Australia, 2020.
25. Mattingly, S.M.; Grover, T.; Martinez, G.J.; Aledavood, T.; Robles-Granda, P.; Nies, K.; Striegel, A.; Mark, G. The effects of seasons

and weather on sleep patterns measured through longitudinal multimodal sensing. Npj Digit. Med. 2021, 4, 76. [CrossRef]
[PubMed]

26. Okamoto-Mizuno, K.; Tsuzuki, K. Effects of season on sleep and skin temperature in the elderly. Int. J. Biometeorol. 2010, 54,
401–409. [CrossRef] [PubMed]

http://doi.org/10.1016/j.ynstr.2020.100259
http://www.ncbi.nlm.nih.gov/pubmed/33102641
http://doi.org/10.1038/s41746-021-00435-2
http://www.ncbi.nlm.nih.gov/pubmed/33911176
http://doi.org/10.1007/s00484-009-0291-7
http://www.ncbi.nlm.nih.gov/pubmed/20041336

	Introduction 
	Materials and Methods 
	Study Design 
	Ethical Approval and Consent to Participate 
	Participants and Recruitment 
	Sleep Monitoring Device 
	Sleep Measurements 
	Study Population and Period 
	Statistical Analysis 

	Results 
	Baseline Participant Characteristics 
	Distribution 
	Changes in Sleep Measures before and during Lockdown 

	Discussion 
	Conclusions 
	References

