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Background: To stop the spread of the new coronavirus disease in 2019 (COVID-19), many countries had com-
pletely locked down. This lockdown restricted the everyday life of the affected residents and changed their
mobility pattern, but its effects on sleep pattern were largely unknown. Methods: Here, utilizing one of the
largest crowdsourced database (Sleep as Android), we analyzed the sleep pattern of 25 217 users with 1 352 513
sleep records between 1 January and 29 April 2020 in the US and 16 European countries (Germany, UK, Spain,
France, Italy, The Netherlands, Belgium, Hungary, Denmark, Finland, Norway, Czech, Sweden, Austria, Poland and
Switzerland) with more than 100 records in all days of 2020. Results: During the COVID-19 pandemic, the sleeping
pattern before and after the country-level lockdown largely differed. The subjects increased their sleep duration
by an average of 11.3 to 18.6 min on weekday nights, except Denmark (4.9 min) and Finland (7.1 min). In addition,
subjects form all 16 European countries delayed their sleep onset from 10.7 min (Sweden) to 29.6 min (Austria).
Conclusion: During the COVID-19 pandemic, residents in the US and 16 European countries delayed their bedtime
and slept longer than usual.

Introduction

The outbreak of the new coronavirus disease in 2019 (COVID-19)
is pandemic. Since its first recorded hospital admission on 16
December 2019,' the number of cases was increased to 31 798 308
on 25 September 2020. Wuhan, the documented origin of the
COVID-19 pandemic in China, was under lockdown and all public
transport connecting Wuhan were suspended from 23 January 2020
for 79 days, which was the largest lockdown record in human history
in terms of the number of people being quarantined (11 million).?
The success of the Wuhan lockdown in controlling the spread of
COVID-19 led to similar quarantine policies in many regions expe-
riencing rapid growth of the infection, including Lombardy, Italy on
21 February 2020° and Haro, Spain on 7 March 2020.* The lock-
down was soon extended to the entire country and many other
countries in Europe. The situation in the country with the most
confirmed cases, the USA, was similar. Most states were locked
down except Arkansas, lowa, Nebraska, North Dakota, and South
Dakota.’

During the COVID-19 pandemic, regular sleep habits were being
disrupted, as schools were shut down and some workers were
required to work from home. We can expect that the pandemic
has both positive and negative effects on sleep. Because of the lack
of mandatory working time and the time saved from commuting,
people may tend to oversleep. It was also possible that the changing
mode of work introduced unexpected workload to some workers so
that their working hours were lengthened. In addition, the anxiety
about the pandemic and the depression caused by the isolation may
reduce people’s sleep quality.® Most importantly, the restrictive
measures varied greatly across different regions and time, making
the effect of lockdown unevenly distributed across populations.
Several cross-sectional surveys examined the sleep pattern during
the pandemic.”** Most of them were conducted in China and con-
cluded that the COVID-19 outbreak had a negative impact on sleep
quality, but they suffered from several major limitations. The most

significant limitation was the cross-sectional nature of these surveys
that does not allow comparison of sleep pattern before and after the
pandemic.

Here, we utilized one of the largest crowdsourced databases of
sleep records obtained from Sleep as Android app (methodological
details of the app provided in the Methods section below) to acquire
insights on how COVID-19 affect people’s sleep pattern. This app
was launched in 2011 and the data collection is ongoing currently,
thus the data allow us to examine the change in sleep pattern during
the COVID-19 outbreak with reference to sleep records before the
outbreak. We evaluated the impact of lockdown on the sleep pattern
of Sleep as Android app users residing in the US and 16 European
countries (Germany, UK, Spain, France, Italy, The Netherlands,
Belgium, Hungary, Denmark, Finland, Norway, Czech, Sweden,
Austria, Poland and Switzerland), and stratified the impact by age
and gender.

Methods

Sleep as Android

The Sleep as Android smartphone application (https://sleep.urban
droid.org/) is developed for the Android operating system as a smart
alarm clock that wakes the users according to their sleep cycles and
can ensure the users have wakened up. Sleep onset time can be
identified using two methods, namely subjective manual assignment
and objective detection. Nearly all (99.6%) of the users selected the
first method, where the sleep onset was defined as the moment when
they pressed the ‘start sleep tracking’ button in the app. For the
remaining 0.4% users, they used an automatic sleep tracking func-
tion that detects the sleep onset of the users via different sources,
including external wearable wristbands, the built-in accelerometer in
the smartphone, sleep sounds such as snores, and contactless ultra-
sonic tracking.'” The awake time was defined as the moment when
they terminated the tracking manually, interacted with the phone,
talked near the phone and detected by the app, or the light sensor of
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the phone showed >60 lux after the sunset time of the geographical
location. It has accumulated more than 300 000 reviews in Google
Play and is one of the most reviewed and highest rated apps for sleep
analysis.'®'>

Data retrieval

Only data from users who agreed to share their data were retrieved.
Sleep as Android began to collect data in 2010, however, the sample
size in 2010 was too small and we decided to analyze the sleep data
from 1 January 2011. The end date was set on 29 April 2020. A total
of 34 897 073 sleep records (hereby denoted as n,) from 143 733
users (hereby denoted as n,) were retrieved. Variables available in
the dataset include the date of the sleep records, sleep duration, sleep
onset time, self-rating of sleep quality (from 1 to 5 by 0.25 step) and
time zone obtained from the smartphone’s system information. Age
and sex were also collected but were available only for some sleep
records.

Data processing

Outliers and impossible records of sleep duration were removed
from the analysis. These included sleep duration of <3h or >13h
and sleep onset time between 6:00 and 18:00. Furthermore, we
treated all sleep records with sleep onset time between 0:00 and
6:00 as the sleep occurred at its previous day (e.g. sleep onset at 2
January 1:00 was treated as sleep occurred on 1 January). As records
with sleep onset time between 6:00 and 18:00 may potentially indi-
cate irregular sleep patterns, we compared the percentage of sleep
records in 2020 with sleep onset fallen in this time interval before
and during the lockdown and the results are shown in
Supplementary table S1. Before lockdown, the percentages in the
USA ranged from 3.1% to 6.8% and those in European countries
ranged from 1.9% to 4.1%. These percentages reduced significantly
during lockdown in most countries and regions, and the percentage
point reduction ranged from 0.2% to 2.0%.

Our analysis of sleep records during the COVID-19 pandemic
started on 1 January 2020. Sleep records from the USA were divided
by time zones (America/Chicago [representing Central time zone],
America/Denver [representing Mountain time zone], America/Los
Angeles [representing Pacific time zone], America/New York [rep-
resenting Eastern time zone] and others). Sleep records from
European countries with more than 100 records in all days of
2020 (Germany, UK, Spain, France, Italy, The Netherlands,
Belgium, Hungary, Denmark, Finland, Norway, Czech, Sweden,
Austria, Poland and Switzerland) were included in the analysis.
Time zones of Europe/Berlin and Europe/Busingen were classified
as Germany and time zones of Europe/London, GB, and GB_Eire
were classified as the UK. Similar to a previous report using data
from Sleep as Android, the system time zone, instead of geograph-
ical coordinates, was used to classify the user location due to missing
data.'® A total of 1 352 513 sleep records from 25 217 users from 1
January to 29 April 2020 were available for analysis. The flow chart
describing the data selection process is shown in figure 1, and the
sample size by country could be found in table 1.

Statistical analysis

Three sleep parameters, namely sleep duration, sleep onset time and
subjective sleep quality, were analyzed in the current study. We
compared the deviation (with 95% confidence interval) from
expected values of the three sleep parameters at each date from 1
January to 29 April 2020, which equaled the difference between
actual and expected values. The expected value of these sleep param-
eters equaled their means in the same region at the same month and
day (S/M/T/W/T/F/S) of the record,'®"” computed from 11 509 510
sleep records from 64 470 users from 1 January to 29 April of 2011—
2019. The means and standard deviations of the sleep parameters
from years 2011-2019 were similar, which justified the data pooling

(Supplementary table S2). The sample size by country could be
found in table 1. In addition, we compared the aforementioned
three deviations of sleep parameters in 2020 before and after the
date of the implementation of domestic lockdown at individual
countries '® using t-test. Sweden had only implemented partial lock-
down from 14 March 2020 and this was used as her cutoff date.
Similarly, we also compared these three deviations before and after
the COVID-19 outbreak for each country using f-test, where the
onset of the outbreak of a country was defined as the first day
with at least 100 confirmed cases in that country.'” Additional sub-
group analyses were performed to compare the sleep pattern by sex
and age (n,=5519 [21.9%] users who provided their sex and date of
birth, n;=117 230 [8.7%]). The age of the users was categorized as
<25, 25-34, 35-44, 45-54 and 55-64. All data analysis was con-
ducted using SPSS version 25.

Results

Supplementary figure S1 shows the sleep duration of subjects in the
USA. For the five regions in the USA (Chicago, Denver, Los Angeles,
New York and others), the actual and expected sleep duration was
about 430 min at weekday and 460 min at weekend. Before 3 March,
the actual and expected sleep duration coincided, and the sleep
duration has positively deviated from the expected duration after-
ward. After the lockdown, the deviations of sleep duration on week-
day nights and weekend nights ranged from 7.1 to 14.2 min and 6.6
to 11.1min, respectively (table 2). Overall speaking, the expected
weekday—weekend difference in sleep duration was reduced during
the lockdown. The deviations in most of the nights after the lock-
down were significant for subjects in Chicago, Denver, Los Angeles
and New York. Supplementary figures S2 and S3 show the sleep
duration of subjects in the 16 European countries. Similar to the
sleep duration of subjects in the USA, the actual and expected sleep
duration of the subjects in Europe had a very small difference (with-
in 5-10 min) before the lockdown. After lockdown, the deviations of
sleep duration on weekday nights ranged from 11.3 to 18.6 min,
except Denmark (4.9min) and Finland (7.1 min) (table 2). On
weekend nights, the deviation between actual and expected sleep
duration in 2020 was insignificantly different with the deviation in
2011-2019 for several European countries, including Spain
(5.8min), Denmark (—0.9min), Finland (5.1 min), Norway
(4.7 min), Czech (3.2min), Sweden (7.3min), Austria (2.0 min)
and Switzerland (3.3 min). Note that subjects in France had a small
deviation (2.3 min) but the comparison with the deviation in 2011-
2019 was significant due to the large sample size. Supplementary
figures S8 and S9 show the deviations of the actual sleep duration
and their 95% confidence intervals for subjects in the 16 European
countries. The deviations in most of the nights after the lockdown
were significant except for subjects from Belgium, Denmark,
Finland, Norway, Austria and Switzerland.

Supplementary figure S4 shows the sleep onset time of subjects in
the USA. Note that the sleep onset time has not been adjusted for
daylight saving time which began on 8 March due to the overlap
with the lockdown which began on 3 March. The sleep onset time
was at 00:00 on weekdays and 00:30-01:00 on weekends. In Chicago,
Los Angeles and other time zones, there were no deviations with the
expected sleep onset immediately after the lockdown, and the devi-
ations began in early April which was caused by the change of
expected sleep onset time. In Denver and New York time zones,
the actual sleep onset time was about 20-30 min earlier than the
expected sleep onset, and such a deviation only lasted for 2—3 weeks.
Table 2 shows that the deviation of sleep onset time varied among
subjects in different US time zones on weekday nights (from 0.7 min
to 24.2min), but the deviation on weekend nights was consistent
(within 3.5min for Chicago, Denver, Los Angeles and New York
time zones). Supplementary figure S10 shows the deviations of the
actual sleep onset and their 95% confidence intervals for subjects in
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Complete dataset
34,897,073 sleep records
143,733 users

Outliers removed

Cleaned dataset
27,312,097 sleep records
138,813 users

3

US and European countries with
=100 sleep records daily in 2020

US and 16 European countries
17,812,139 sleep records

93,969 users
Before COVID-19 pandemic _.,--*'""--------- ) —__ During COVID-19 pandemic
2011-2019 Jan-Apr 2020 Jan-Apr
5,754,725 sleep records 1,352,513 sleep records
86,161 users 25,217 users
Figure 1 Flow of the data selection process
Table 1 Descriptive statistics
Country Number of Number Number of Number of Number Age for ng (%) male
subjects n, of sleep subjects n, subjects in of sleep sleep records for sleep
(Jan-Apr, records ng (Jan-Apr, n, Jan-Apr, records ng in 2020 (years)? records in
2011-2019) (Jan-Apr, 2020) 2020 who (Jan-Apr, 2020
2011-2019) had data in 2020)
Jan-Apr,
2011-2019
USA
Chicago 7893 545322 2417 1482 (61.3%) 131158 40.11 (12.01) (ns=41498) 34910 (83.5%)
Denver 2699 121963 947 484 (51.1%) 41 101 41.60 (14.62) (ns=14 008) 11 510 (82.6%)
Los Angeles 7234 474932 2237 1338 (59.8%) 119 009 38.22 (11.80) (ns=36 425) 30 655 (83.5%)
New York 12 802 837 360 4086 2479 (60.7%) 222 419 39.21 (13.56) (ns=74 913) 64 635 (85.3%)
Others 3694 139 976 458 206 (45.0%) 18 141 43.17 (12.74) (ns=5771) 5108 (87.3%)
Germany 9790 785195 3251 2051 (63.1%) 190 026 43.17 (12.74) (ns=5771) 56 853 (91.0%)
UK 7931 608 764 2422 1486 (61.4%) 141 546 38.12 (12.50) (n,=61 888) 39 975 (90.8%)
Spain 2574 112 623 556 279 (50.2%) 22 307 41.09 (10.92) (n,=8387) 7688 (91.1%)
France 4659 298 177 1313 744 (56.7%) 65 140 36.86 (12.14) (ns=25 980) 24 284 (92.9%)
Italy 2984 147 910 758 400 (52.8%) 33 830 37.67 (13.06) (n=12 425) 11 686 (94.7%)
The Netherlands 5512 414 919 1437 922 (64.2%) 86 726 38.02 (12.80) (ns=30 079) 27 674 (91.2%)
Belgium 2735 139 518 502 280 (55.8%) 23773 38.04 (12.64) (ns=8524) 7825 (91.7%)
Hungary 1366 101 815 378 224 (59.3%) 21 887 38.13 (9.53) (n,=8078) 7761 (96.1%)
Denmark 963 67 114 279 155 (55.6%) 14 575 40.43 (16.58) (n;=5098) 4535 (91.6%)
Finland 1406 126 127 433 280 (64.5%) 26 303 39.05 (9.72) (ns=10 011) 8005 (79.9%)
Norway 1199 93 743 359 216 (60.2%) 19 419 35.63 (10.46) (ns=6438) 6430 (96.1%)
Czech 2651 212 748 829 527 (63.6%) 46 678 36.45 (11.29) (ns=16 709) 16 323 (96.4%)
Sweden 1896 148 737 593 393 (66.3%) 34 639 39.03 (11.18) (ns=12 640) 11 185 (87.7%)
Austria 1880 78 799 569 281 (49.4%) 19 044 36.86 (11.53) (n,=6680) 5848 (87.4%)
Poland 2729 189 905 912 531 (58.2%) 50 033 34.27 (12.71) (ns=15 403) 14 606 (95.3%)
Switzerland 1564 109 078 481 280 (58.2%) 24 759 37.28 (11.69) (ns=10 070) 9719 (94.3%)
Total 86 161 5754 725 25 217 15 038 (59.6%) 1352513 38.59 (12.63) (ns=455 195) 407 215 (88.9%)

a: Only for subjects who provided personal information.

the USA. For Chicago, Los Angeles and New York time zones, the
deviation was significantly smaller than zero from lockdown to early
April and was significantly larger than zero from early April
Supplementary figures S5 and S6 show the sleep onset time of sub-
jects in the 16 European countries. Again, the sleep onset time has
not been adjusted for daylight saving time which began on 29 March
due to the overlap with the lockdown which began on 9-21 March.

Subjects from most European countries (except The Netherlands,
Belgium, Finland and Norway) began to delay their sleep onset time
1-2 weeks before the lockdown. The deviations of sleep onset on
weekday nights after lockdown were significantly differed with the
deviation before lockdown for all 16 European countries, ranged
from 10.7min (Sweden) to 29.6 min (Austria) (table 2). On the
other hand, the delay on weekend nights was within 6min in
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some countries (Germany, UK, The Netherlands, Belgium,
Denmark, Finland, Czech, Sweden and Switzerland), but in some
other countries, the delay was larger than 20min (Spain and
Austria). Supplementary figures S8 and S9 show the deviations of
the actual sleep onset and their 95% confidence intervals for subjects
in the 16 European countries. After lockdown, the deviations for all
countries were mostly positive except on 29-31 March which were
negative.

Supplementary figures S13-S18 shows the sleep rating (a rating
from 1 to 5) and the deviation to the expected sleep rating of all
subjects. No special pattern was found. Deviations in all regions after
lockdown were less than 0.2 except the weekend sleep rating of
subjects in Spain.

Table 3 shows the deviations of sleep parameters before and after
COVID-19 outbreak, and the deviation patterns were very similar to
the comparison before and after lockdown. Supplementary table S3
shows the results of the subgroup analysis. At weekdays, females had
a significantly larger increase in sleep duration during the lockdown
in the USA (except Los Angeles), Germany, UK, Italy, Belgium,
Hungary, Denmark, Finland, Czech, Sweden and Austria, while in
the remaining countries females and males had similar sleep dur-
ation. Females had a larger delay in sleep onset during the lockdown
in the USA (New York and others), Spain, Denmark, Sweden,
Austria and Switzerland, and less delay in the USA (Chicago),
Germany, UK, The Netherlands, Belgium and Hungary. In most
countries, females and males had similar deviations in sleep ratings,
and significant differences were found in the USA (New York and
others), UK, Belgium, Czech, Austria and Switzerland. Across age
groups, significant differences in sleep duration and sleep onset were
found in all countries except Hungary (sleep duration). In general,
younger users had larger deviations in sleep duration and sleep
onset. Trends for weekends were similar to that for weekdays.

Discussion

Using crowdsourced smartphone-measured sleep data (Sleep as
Android) of more than 10 million records, this study examined
the sleep pattern in the USA and 16 European countries during
the COVID-19 outbreak. To summarize, the results showed that
the sleep pattern changed immediately after the law of quarantine
and suspension. The subjects increased their sleep duration by an
average of 11.3-18.6min on weekday nights, except Denmark
(4.9 min) and Finland (7.1 min). In addition, subjects form all 16
European countries delayed their sleep onset from 10.7 min
(Sweden) to 29.6 min (Austria). The magnitude of the change in
sleep duration and sleep onset was similar to those found among
subjects in China before and after the Wuhan lockdown on 23
January®® and data from Finnish from another smartphone app,
Polar Research Center.”’

At the time of complete lockdown, all employees were required to
work from home except those who have to work at their offices,
such as healthcare professionals or police. This mode of work might
be the main driver of this change of sleep pattern as those under
quarantine were not required to work at scheduled hours, and such
a change in work mode increased the proportion of healthy sleep
duration (7-9h per dayzz’zs) from 50.1% to 52.3% in our data. This
change was a short-term one and we can expect that such a change
might improve the mood and mental health conditions of the users.®
Longitudinal objective data suggested that residents under lockdown
would reduce their physical activity level,**** and this reduction was
likely to affect sleep quality substantially. However, our results
showed that subjective sleep quality was unchanged during the lock-
down, which implied that the protective factors (in particular work-
ing from home) had a similar effect on sleep quality on the risk
factors. Many countries had announced their plan to ease the lock-
down from early May,® therefore this special sleep pattern found
during the lockdown will be back to usual very soon, even when the
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COVID-19 pandemic is still ongoing. Whether this short period
(about 2 months) of change will have any long-term impact on fu-
ture sleep pattern and mental health should be investigated.

The advantages of using crowdsourced data lie on the large sam-
ple size and participants from all regions around the world, and the
research participation burden in such kind of research is minimal.
Also, with a large number of sleep records from 2011 to 2019, we
were able to estimate the expected, normal sleep pattern, thus deter-
mining the change in sleep pattern during the COVID-19 outbreak.
This kind of longitudinal observation is almost impossible using
traditional prospective design as the sleep pattern before and during
the outbreak need to be both measured.?”

A major limitation of our study was on the unknown measure-
ment error of the Sleep as Android app. The first source of meas-
urement error was the measurement on sleep onset time, where the
delay between the time of pressing the ‘start sleep tracking’ button
and the exact sleep onset was not measurable. The second source of
measurement error was the calibration algorithm of subjective sleep
onset and awake detections. The sensitivity of such detections varied
across smartphone devices and environmental factors,”” and it is
almost impossible to be adjusted for in this large-scale study. A
comparison study between the Sleep as Android app and polysom-
nography/actigraphy could quantify the measurement error of the
Sleep as Android app, but no similar studies were conducted to our
knowledge. Another major limitation was the composition of our
sample. More than half of the sleep records missed the data in age
and sex, therefore the representativeness of our sample in terms of
age—sex distribution could not be evaluated. A previous study found
that males and females were equally likely to use smartphone app to
monitor sleep,”® therefore it was likely that we have a balanced
gender in our dataset. The reason for the large male proportion in
our sample might be because fewer female participants were willing
to reveal their personal information due to their sensitivity to inter-
net privacy.”® Although not assessable, we can expect that the users
of the Sleep as Android app would be younger and wealthier than
non-users.” It was also likely that the users were more interested in
monitoring their sleep so that their sleeping pattern might be dif-
ferent from that of the non-users. Here, we used a binary indicator
to classify the lockdown status of a country, which simplified the
actual situation that different levels of lockdown measures were
implemented within different regions of a country, and the level
varied by time. This approach simplified the spatial-temporal details
of lockdown measures, however, our data lack the information to
perform such an analysis. Furthermore, the app did not provide any
flexibility to add information specific questions and some important
variables were unable to collect, for example, whether the users or
those having close contact with them had been diagnosed for
COVID-19. Concerning the impact of a disease outbreak on sleep
pattern and other mental health problems, healthcare workers,
patients and the general population are expected to behave differ-
ently,”’ > but we were unable to identify the occupation of the
users. Finally, although the physical activity level of the users can
be measured by smartphone, Sleep as Android app did not measure
the physical activity level outside the sleep tracking period, hence the
association between physical activity and sleep pattern could not be
examined. There may exist other smartphone apps that collect both
types of data and examination of these data would be valuable.

Several studies showed that the general public and healthcare
workers suffered from various psychological impacts including de-
pression, anxiety and insomnia during the COVID-19 out-
break.”'®* The results of this study add new knowledge on top
of this existing study that the general public in the USA and
Europe also experienced a change in sleep pattern. It is well-
known that lack of sleep causes mental health problems,*® and lock-
down and suspension were causing an increase in sleep duration and
mental health problems concurrently. It is worth investigating the
role of such an increase in sleep duration as a protective effect on
people’s mental health.
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Large-scale studies revealed that sleep pattern would be affected
by national events. A previous study using the same source of data
(Sleep as Android) as the current study found that the sleep dur-
ation was reduced at the immediate night after national events such
as Brexit poll and US presidential election.'® Subjects had reduced
sleep duration because they might have spent some of the sleep time
on other activities, for example, social media and news. Similarly,
information on COVID-19 is also spreading as fast as the virus itself,
with an estimated basic reproduction number (R,) of 3.4 on
YouTube and 4.6 on Twitter.”® It is believed that such a spread of
news will lead to fear *” so that people might have reduced their
sleep duration, however, our results do not support this postulation,
as shown by the fact that the subjective sleep ratings remained con-
stant throughout the period of COVID-19 outbreak.

Conclusion/Policy recommendations

Due to the expected sleep problems caused by the lockdown, the
European Academy for Cognitive-Behavioral Treatment of
Insomnia had published several recommendations to prevent pos-
sible sleep problems.”® They have noted several sleep parameters that
are likely to be affected during the COVID-19 pandemic, including
sleep disruption, insomnia and parent—child co-sleeping. These var-
iables were not collected by Sleep as Android, and further research
examining the change of these sleeping parameters, especially with
objective data and longitudinal design, is warranted.

Supplementary data
Supplementary data are available at EURPUB online.
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Keypoints

e We analyzed sleep in early 2020 in the US and 16 European
countries.

o The sleeping pattern before and after the country-level lock-
down largely differed.

o Sleep duration increased by 11.3 to 18.6 min on weekday nights.

e People delayed their sleep onset from 10.7 to 29.6 min.
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