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Abstract

Study Objectives: COVID-19 lockdowns drastically affected sleep, physical activity, and wellbeing. We studied how these behaviors evolved during reopening the
possible contributions of continued working from home and smartphone usage.

Methods: Participants (N = 198) were studied through the lockdown and subsequent reopening period, using a wearable sleep/activity tracker, smartphone-delivered

ecological momentary assessment (EMA), and passive smartphone usage tracking. Work/study location was obtained through daily EMA ascertainment.

Results: Upon reopening, earlier, shorter sleep and increased physical activity were observed, alongside increased self-rated stress and poorer evening mood ratings.
These reopening changes were affected by post-lockdown work arrangements and patterns of smartphone usage. Individuals who returned to work or school
in-person tended toward larger shifts to earlier sleep and wake timings. Returning to in-person work/school also correlated with more physical activity. Contrary

to expectation, there was no decrease in objectively measured smartphone usage after reopening. A cluster analysis showed that persons with relatively heavier

smartphone use prior to bedtime had later sleep timings and lower physical activity.

Conclusions: These observations indicate that the reopening after lockdown was accompanied by earlier sleep timing, increased physical activity, and altered
mental wellbeing. Moreover, these changes were affected by work/study arrangements and smartphone usage patterns.

Statement of Significance

The COVID-19 pandemic disrupted daily lives worldwide, impacting sleep, physical activity, and mental wellbeing. Although lockdowns
were imposed suddenly, the process of reopening has often been more gradual with partial mobility restrictions still in place. By longitu-
dinally tracking sleep, physical activity, and wellbeing through lockdown and the extended period of reopening, we document how these
are affected by persistence of working from home and pre-bedtime smartphone usage. As hybrid work arrangements and expanded use of
electronic communication are likely to persist through the protracted pandemic and its aftermath, our findings could inform strategies to

adapt to new societal norms.
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Introduction

The COVID-19 pandemic that struck the world in February 2020
has drastically altered the lives of billions of people across
the globe. Worldwide, lockdowns, comprising social and mo-
bility restrictions and closures of workplaces and schools, have
been instituted to stem the spread of the SARS-Cov2 virus. The
sudden imposition of restricted mobility and social interaction
strongly disrupted people’s daily routines and wellbeing. In the
early stages of the pandemic, marked reductions in physical ac-
tivity as a result of home confinement were documented, with
daily step counts dropping from the recommended 10 000/day
to nearly half [1-3]. At the same time, reports of stress and anx-
iety about the pandemic situation, and loneliness due to so-
cial isolation increased [4-6]. On the other hand, working from
home has resulted in less rigidly stipulated work hours and less
time spent on routine activities, such as commuting [7]. This
increased flexibility in our daily schedules has contributed to
changes in our sleep habits, resulting in later sleep timing and
longer sleep duration [8-12], but also poorer sleep quality and
higher reports of insomnia symptoms [13, 14]. These changes
have been robustly measured across a wide range of countries
[15-18]. Furthermore, with face-to-face communication severely
limited, people have turned to digital technology to stay con-
nected for social interaction, work/education, and entertain-
ment [19-22]. Many of these acute changes were associated with
a negative impact on health and mental wellbeing [5, 15, 23-26].

In contrast to the abruptness of lockdowns, the process of
reopening has generally been more gradual and phased. Often
some social distancing measures continued to be kept in place
for an extended period of time after the lockdown was lifted
[27, 28]. At the time of writing, one and a half years into the
pandemic, it has become increasingly clear that there will be
no quick resolution to the pandemic. The need for intermit-
tent restriction measures (e.g. hybrid in-person/remote work
forms) may persist for an extended duration [29, 30], and many
countries have experienced multiple cycles of lockdown and re-
opening. In this light, it is important to collect longitudinal data
to evaluate health behavior and wellbeing outcomes over time,
identify potentially mitigating and exacerbating factors, and
formulate effective intervention strategies.

In this study, we objectively tracked lifestyle behaviors (phys-
ical activity, sleep, and phone use), and collected wellbeing data
from a sample of students and working adults (N = 198) through
the initial period of lockdown (April-May 2020) and subsequent
reopening in Singapore (until September 2020). A nationwide
lockdown (termed “Circuit Breaker”) was instituted from April
7th to June 1st, 2020. Lockdown measures consisted of closure
of schools, nonessential workplaces, and public spaces, a ban on
social gatherings and home visitors, and home confinement ex-
cept for buying essential goods and services and for exercising
[31]. In keeping with the global data, sharp reductions in phys-
ical activity, shifts to later and longer sleep, and decreases in
wellbeing due to lockdown measures have been observed [11,
32-35].

A cautious and phased reopening strategy was adopted at
the end of the lockdown period. From June 2nd onward, schools
were reopened, and households could receive up to two vis-
itors per day [36]. On June 19th, measures were further eased,
allowing more in-person classes and work arrangements, re-
opening of physical retail, dining, and sports facilities, and an

increased maximum group size of five persons (applying to
public spaces and home visitors) [37]. Several safety measures
(e.g. mask wearing, physical distance, adherence to track-and-
trace measures in public spaces), were kept in place until the
end of the year (December 2020), when further easing of these
was announced [38].

Our data collection overlapped with the transition from
lockdown to phased reopening. Daily records of sleep, phys-
ical activity, phone use, and wellbeing were collected through a
combination of wearable, smartphone tracking, and ecological
momentary assessment (EMA) technology. This allowed us to
longitudinally monitor detailed changes over time, in particular
changes related to the reopening. The inclusion of wearable
and smartphone tracking technology provided objective meas-
urements (circumventing potential recall and reporting issues
common in subjective—often retrospective—survey studies), at
a minimal burden to participants.

As the study was initiated in the early pandemic stages (prior
to the institution of lockdown), no prior studies were available
to base a priori hypotheses on. However, a rapid accumulation
of knowledge has provided some robust data on the effects of
lockdowns on lifestyle patterns (e.g. reduced physical activity,
shifted sleep patterns, increased e-device usage). Based on these
insights, it could be expected that lifting of the lockdown would
lead to a (partial) reversal of these effects. In our analysis, we
examined the contribution of continued work-from-home (vs.
return to in-person work), and night-time mobile phone usage
to behavior as these factors have been found to modulate sleep
and wellbeing during lockdown periods [39-41].

Methods
Participants and procedure

A total of 200 young adults, working or studying at the National
University of Singapore or working at the National University
Hospital of Singapore, were recruited via online platforms to
participate in an observational remote-tracking study on sleep
and wellbeing during the COVID-19 pandemic. Recruitment
started during the lockdown (start lockdown: April 7th; start
recruitment: April 15th, 2020; see Figure 1), and enrollment
was carried out on a rolling basis over a 4-week time span.
Participants were briefed on study procedures remotely via a
short instructional video and signed electronic informed con-
sent, after which they were sent a sleep and activity tracking
device (Oura ring) via courier. For each participant, data collec-
tion started on the Monday after they had received their sleep
tracking device, resulting in four recruitment batches with
staggered starting dates (see Figure 1; Batch 1: N = 37, start
date: 27th April; Batch 2: N = 67, start date: 4th May; Batch 3:
N =93, start date: 11th May; Batch 4: N = 3, start date: 18th May).
Participants were initially enrolled for an 8-week monitoring
period and were later given the option to extend their partici-
pation with another 8 weeks (16 weeks in total). Forty-one par-
ticipants exited after the initial 8 weeks, and 157 participants
re-consented for 16 weeks. Two participants withdrew from the
study before completing the initial 8-week period, leaving 198
(staff: N = 78, students: N = 120, M, = 26.15 + 5.83 years, 61
male) in the final sample.

During the monitoring period, participants were instructed
to wear the Oura ring at all times for the collection of sleep and
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Figure 1. Timeline of lockdown, reopening and study events, illustrating the number of participants enrolled and data completion over the study period.

physical activity data. Twice daily, they were prompted to com-
plete short questionnaires and cognitive assessment games
through an EMA application on their phones (daytime window
[8 am-5 pm]: questionnaires and cognitive games; evening
window [8 pm-12 am]: questionnaires only). Phone use records
were passively provided through the phone usage tracking app
(TapCounter, Quantactions GmbH [42]). In addition, every 4
weeks from enrolment, participants were invited to complete
a set of online surveys (including questions about their work
hours, daily routines, causes of stress, and comfort of the wear-
able trackers over the previous 4 weeks).

To motivate compliance, participants could earn $10 per
week for logging the minimum of 4 days of data on all study
applications (i.e. four nights of sleep data via Oura + 4 days of
EMA data + 4 days of phone use data for each week). An add-
itional $20 bonus was provided upon completion of the study
and return of the Oura ring. Feedback on completion rates and
rewards accrued was provided after each week. Ethical ap-
proval for all study procedures was obtained from the National
University of Singapore Institutional Review Board (NUS-IRB Ref
Code: N-20-039).

Sleep metrics

Wearable-based sleep measures were extracted daily from the
commercial Oura ring (Oura, Health Oy, Oulu, Finland). This de-
vice tracks users’ heart rate, temperature changes, and move-
ment through photoplethysmography sensors, temperature
sensors, and an accelerometer.

Sleep outcome variables provided by Oura included bedtime,
wake times, time-in-bed (TIB), and total sleep time (TST). Sleep
efficiency was calculated as 100 x TST/TIB, and mid-sleep times
(MST) were calculated as the midpoint between bedtimes and
wake times on the same night. Social jetlag was calculated as
the difference between weekday and weekend MST (MST,, —
MST,,). The Oura ring additionally provides sleep stage infor-
mation (light sleep, deep sleep, rapid eye movement), however,
this information was not used in our analyses. Nap information
collection was not possible with the firmware version available
at the time of testing. Instead, self-reported nap data were col-
lected through EMA.

Validation studies have reported generally good accuracy
of sleep-wake detection for the Oura ring, with small absolute
error for TST estimation compared to polysomnography (PSG;
87.8% of nights within 30-minutes error) [43], and ambulatory
electroencephalography (7.39% mean absolute percentage error)
[44]. Modest systematic error of Oura-derived TST have been
found in adult populations (approximately 15 min overesti-
mation) compared to PSG [45], and actigraphy [46], while larger
systematic underestimation was found in adolescents [47].

Daily self-reports of sleep timings and ratings of sleep quality
on a 5-point Likert scale (0 = Very poor to 4 = Very good), were also
collected through EMA. A third measure of sleep timing was de-
rived from an application that recorded participant’s screen inter-
actions and thus mobile device usage (tappigraphy) throughout
the day. These were used to corroborate sleep and wake timings
obtained using the Oura ring, reported elsewhere [48].

Physical activity

Step count as extracted from the Oura ring was used as an in-
dicator of daily physical activity. Based on the daily non-wear
time provided by Oura, we excluded step counts on days during
which non-wear time exceeded 3 h. Participants who had only
worn the device at night and not during the day were excluded
from step count analysis (lockdown N = 2, post-lockdown N = 7).

Mobile device usage

Smartphone usage was measured using a smartphone applica-
tion that passively tracked touchscreen interactions and screen
on/off events, as well as the name of the active application
(TapCounter by QuantActions GmbH, Lausanne, Switzerland,
www.quantactions.com) [42]. Data from one participant who
used an auto tap generation application was removed from ana-
lyses of mobile device usage.

Wellbeing and performance

Participants rated their levels of stress and mood twice daily (once
in the morning and once in the evening), and loneliness thrice a
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week (once in the evening every Monday, Thursday, and Saturday)
in response to a short questionnaire administered on the EMA
phone application. Responses were collected on a rating scale of
0 to 100 (0 = Not at all, 100 = Very much for stress and loneliness
scales, 0 = Negative, and 100 = Positive for mood scale). In conjunc-
tion with the morning questionnaire, participants completed a
short set of three cognitive assessments daily: 3-min psychomotor
vigilance test, dot memory test, and symbol search test (adapted
from Ref. [49]). Data from these tests are not presented here.

Work location

Participants were asked to report the extent to which they re-
turned to their workplace/school during the lockdown in the
survey administered at the end of the study (“How frequently
did you go to the office/hospital/school/other workplace during the
lockdown?”). To account for varying work arrangements post-
lockdown, a daily question enquiring participants’ work location
on that day was included in the EMA upon reopening (“From what
location did you work/attend lessons today?”). Participants could se-
lect from the four options: “Home,” “Office/hospital/university,”
“Others,” or “Did not have to work/attend lessons.” In the present
analyses, the two categories: “Office/hospital/university” and
“Others” were collapsed into one “In-person” work category.

Analyses

To examine changes in lifestyle and wellbeing associated with
the reopening, we focused on data collected in two periods
during study protocol: (1) during the lockdown (April 27th-May
31st, 2020), and (2) during the first 6 weeks post-lockdown (June
1st-July 13th, 2020), as all participants contributed at least 2
weeks of data on all measures within both stated periods. Given
the staggered starting dates for data collection, however, the
number of days each participant contributed varied across lock-
down and post-lockdown periods (lockdown: mean number of
days (SD) = 25.98 (5.80); post-lockdown: mean number of days
(SD) = 36.84 (6.93); for a detailed breakdown see Supplementary
Table S1). Individual average scores were calculated for sleep
metrics, physical activity, phone use, and wellbeing ratings, sep-
arately for the lockdown (April-May) and post-lockdown period
(June-July). Resulting change scores were compared using two-
tailed paired sample t-tests and nonparametric Wilcoxon signed-
rank tests in cases where the assumption of normality was
violated. Although reopening effects could be expected show
a reversed pattern as the effects of lockdown instatement, the
precise occurrence and magnitude of reopening effects were un-
known prior to analysis (as the effects of reopening in the larger
societal context were unknown). To correct for multiple testing,
while still allowing discovery of novel results among a wide array
of wellbeing and lifestyle variables, the Benjamini-Hochberg pro-
cedure [50] was applied with false discovery rate of 10% (FDR =.1).
Effect sizes were calculated and interpreted following common
rules of thumb (Cohen’s d: small: 0.2, medium: 0.5, large: 0.8; r
[for nonparametric tests]: small: 0.1, medium: 0.3, large: 0.5) [51].

Effects of post-lockdown work location

Some studies have found that work arrangements during
lockdown (in-person vs. work-from-home) affected sleep and

wellbeing during lockdown [40, 52]. We set out to test how
changes in lifestyle and well-being after reopening were mod-
erated by participants’ post-lockdown work arrangements.
Daily work location reports, provided via EMA, were used to cal-
culate the proportion of days worked in-person (over the total
number of working days). To examine the effects of returning
to in-person work arrangements, we performed regression ana-
lyses for the sleep, physical activity, and wellbeing variables as
dependent variables, and the proportion of on-campus/in-office
work versus work-from-home days as a predictor (controlled for
demographics: age, gender, student/staff; see Supplementary
Tables S2 and S3). All tests were two-tailed, and results were
corrected for multiple testing using the Benjamini-Hochberg
method with FDR = .1.

Identification of bedtime phone usage patterns

Phone usage at bedtime is known to affect sleep before and
during the pandemic [25, 41, 53, 54]. To assess bedtime phone
usage patterns, individuals’ average phone use time in the period
surrounding their bedtime (in 10 min time bins starting 3 h before
bedtime till 1 h after) were calculated, across lockdown and post-
lockdown periods separately. Resulting bedtime phone use pro-
files were entered into a clustering analysis using the k-means++
algorithm (Matlab version 2017b, Mathworks, Natick, MA) with
the squared Euclidean distance metric for center initialization
of clusters. Based on the elbow plots, obtained from assessing
within-cluster sums of squared distance of various cluster num-
bers (k = 2-10), an optimal number of clusters was identified.
Identification of phone-use clusters was data-driven and no a
priori predictions about the optimal number or configuration of the
cluster could be made. Subjects in the resulting clusters were then
compared using regression analyses with the sleep, physical ac-
tivity, and wellbeing variables as dependent variables, and cluster
group as a predictor (controlling for demographics: age, gender,
student/staff, and work arrangements; see Supplementary Tables
S4-S7). Results were corrected for multiple comparisons using the
Benjamini-Hochberg method with FDR = .1.

Results
Effects of reopening on lifestyle and well-being

Upon reopening, physical activity increased from an average
of 5808 daily steps during lockdown to 7007 daily steps post-
lockdown (mean A: +1199.1 steps/day; Z = -8.10; p < .001,
r = -0.59; see Supplementary Table S2 for details). Average bed-
time and wake time advanced from lockdown to post-lockdown
by 14.1 min and 27.1 min respectively (bedtime: t = -4.01, p <
.001, d = 0.29; wake time: t = 5.99, p < .001, d = 0.43). TIB and TST
decreased from lockdown to post-lockdown (TIBA: -14.4 min,
t = 6.83, p < .001, d = 0.49; TSTA: -11.4 min, t = 6.30, p < .001,
d = 0.45), resulting from larger advances in wake times than in
bedtimes. The difference between weekend and weekday mid
sleep timing (social jetlag) increased with 7.9 min (Z = -3.28,
p = .001, r = -0.23). Sleep quality ratings increased slightly but
significantly from 2.56 points to 2.64 points (on a scale of 0 to 4;
t=4.34,p<.001,d=0.31).

Concurrently, self-reported stress increased after reopening
by 4.13 points in daytime ratings (Z = -5.41, p < .001, r = -0.38),
and by 3.64 points in evening ratings (Z = -4.47,p <.001,r = -0.32).
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While these effect sizes were intermediate to large, the actual
change scores represent only modest changes (approximately
four points on a 100-point scale). Average mood score was
significantly worsened at reopening only for evening ratings
(Z = -2.65, p = .008, r = -0.19). No significant changes in loneli-
ness were observed in self-reported loneliness ratings (p = .22).

Daily total smartphone usage (total screen unlock time over
24-hours) was not significantly different between the lockdown
and reopening periods (approximately 5.7 h/day), while smart-
phone use at bedtime was slightly increased from 27.51 min
(in the hour before bedtime) during lockdown, to 28.32 min
post-lockdown (Z = -2.10, p = .036, r = -0.15). This increase is ra-
ther minimal and should not be taken as a substantial change.
Importantly, however, there was no indication that smartphone
use decreased after reopening (as was hypothesized following
the reported increases during lockdown [19-22]).

The effect of work arrangements during reopening

Daily post-lockdown work location reports, gathered through
EMA, showed a variety of work arrangements over the first six
weeks after reopening (see Figure 2A). Most participants showed
a mix of working-from home and in-person work/study to
various degrees (N = 113). However, about a third continued to
work-from-home fully (N = 61). Of the participants who returned
to their workplaces, N = 58 reported to work in-person 50% of
the time or less, while the other N = 55 worked in-person on a
majority of working days (>50%; see Figure 2B). An additional 24
participants reported no working days during the post-lockdown
period and were excluded from further analyses.

Regression analyses revealed that the proportion of days
worked in-person was associated with significantly earlier sleep

a Daily work location b
(Post-lockdown)

Lockdown
M In-person M Home

Free day

(step count)
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timing (bedtime B = -0.66, p = .011, [-1.18, -0.15]; wake time
B=-0.90,p =.003, [-1.49, -0.32]; see Figure 2B and Supplementary
Table S3a), but not with TST or social jetlag (ps > .50). This indi-
cates that individuals who fully went back to in-person work
slept 39.6 min earlier and woke 54 min earlier than those who
worked-from-home 100% of the time. More in-person work was
also associated with increased daily step count, such that in-
dividuals who worked in-person every day logged almost 2000
steps per day more than those who worked-from-home fully
(B = 1911.81, p = .009, [478.34, 3345.29]). While individuals re-
porting more in-person work also reported slightly worse
morning and evening mood (morning B = -5.76, p = .043, [-11.32,
-0.19]; evening B = -5.467, p = .044, [-10.79, —0.14]), these associ-
ations were small (the estimated difference between individuals
working in-person 100% and those working from home fully was
just over five points on a 100-point scale). No associations with
other wellbeing variables were found (see Supplementary Table
S3b for details). As the proportion of days worked in-person was
not normally distributed (i.e. about one-third of participants did
not return to office/campus), we performed a control analysis
using 100% at-home, less than 50% in-person, and more than
50% in-person participants as separate groups. These analyses
produced highly similar findings (see Supplementary Tables S4a
and b).

The effect of phone use on sleep, physical activity,
and wellbeing

Cluster analyses of individuals’ average phone usage around
bedtime (3 h before bedtime to 1 h after bedtime), revealed
three distinct phone usage profiles (see Figure 3A). Cluster 1
(Nyperdown = 73» Npoersockaonn = 26) Was characterized by low amounts
of phone usage throughout the period before bedtime (see

Physical activity & Sleep Metrics

Post-lockdown

In-person (>50%)
In-person (<50%)
Home (100%)

Physical activity

April 27 May4 May11 May18 May25 Junp1 June8 June15 June22 June29 July6 July 13

Weekend / public holiday

Wake time
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April27  May4 May11 May18 May25 Jung1 June8 June15 June22 June29 July6 July 13

Total Sleep Time
(hrs)

June 2 4& July 13

April 27 May4 May11 May18 May25 June1 June8 June15 June22 June29 July6 July13

Figure 2. The effect of timeseries of lifestyle variables over the lockdown and post-lockdown periods, stratified by the proportion of days worked-from-home. (A) Daily
work location reports collected through EMA. (B) Time series of physical activity and sleep over the lockdown and post-lockdown period. Data split by work location
100% work-from-home, <50% work in-office, >50% work in-office for visualization purposes.
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lockdown

Figure 3B). Cluster 2 (N, =72, N ot sockdown = 85) showed mod-
erate levels of phone usage at the start of the night, which
ramped up in the hour before bedtime. For Cluster 3 individ-
uals (N =52,N = 56), high levels of phone usage
were observed across the 3 h before bedtime. Examining spe-
cific types of apps used, Clusters 2 and 3 primarily showed an
increase of social media, and browser apps toward bedtime,
while Cluster 1 showed consistent low usage across all apps (see
Supplementary Figure S1).

lockdown post-lockdown

Regression analyses, controlling for demographics and work
arrangements, indicated that these different bedtime phone use
clusters were associated with differences in sleep timing and
physical activity (see Figure 3C-E). Individuals with low bedtime
phone usage (Cluster 1) had earlier wake times during lockdown
(09:25 am =+ 01:30 hh:mm) compared to high bedtime phone
users (Cluster 3: 10:08 am + 01:49 hh:mm, B = 0.69, p = .015, 95%
CI = [0.14 to 1.24]; see Supplementary Tables S5a and S7 for de-
tails). Post-lockdown, these differences between clusters were
maintained for wake time (Cluster 1: 08:43 + 01:36 hh:mm,
Cluster 3: 09:37 + 02:00 hh:mm, B = 0.80, p = .01, 95% CI = [0.19 to
1.41]; see Supplementary Tables S6a) as well as bedtime (Cluster
1: 01:09 am # 01:27 hh:mm, Cluster 3: 01:55 am =+ 01:37 hh:mm,
B=0.69, p = .012, 95% CI = [0.15 to 1.22]).

Individuals with low bedtime phone usage profiles logged
more physical activity, both during lockdown (Cluster 1: 6253 =
4029 steps, Cluster 3: 5040 + 2544 steps, B = -1259.46, p = .033,
95% CI = [-2415.95 to -102.97]), and post-lockdown (Cluster 1:
8438 + 5221, Cluster 2: 7111 + 2971, B = -1581.97, p = .020, 95%

= [-2913.95, -250.0]; Cluster 3: 6552 + 3087, B = -2016.38,
p =.009, 95% CI = [-3526.89 to —505.86]).

For mental wellbeing, however, associations were less
strong (see Figure 4; Supplementary Tables S5b and S6b). Post-
lockdown, the cluster with intermediate phone usage, phone
use time ramping up closer to bedtime (Cluster 2) was associ-
ated with better mood in the evening (Cluster 1: mean = 53.41 +
14.06; Cluster 2: mean = 58.69 + 12.53, p = .025, [0.72 to 10.64]), as
well as less loneliness (Cluster 1: mean = 36.93 + 21.47; Cluster 2:

o

a Bedtime phone usage
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mean = 28.41 + 20.17, p = .025, [-16.59 to —1.13]). A similar pattern
for evening mood during lockdown did not survive FDR correc-
tion for multiple comparisons. These effects suggest that indi-
viduals with moderate evening phone usage might have slightly
better wellbeing, however, again these effects only represent a
few points (5-8 points) on a 100-point scale.

Is the observed shift in sleep timings desirable?

Previous studies have speculated that shifts to later sleep timings
found during the lockdown compared to a pre-lockdown base-
line may be the result of increased flexibility of work schedules
arising from remote working arrangements, thereby enabling
individuals to follow their own preferred sleep schedule.[39] To
probe this, participants were invited to report their preferred
sleep timings in response to the question in our fourth-week
survey: If you could choose your sleep schedule freely, what would be
your... ideal bedtime/wake time/sleep duration?

Ideal sleep timing, represented by mid-sleep times were cal-
culated from responses as the midpoint between ideal bedtime
and waketime (ideal mid-sleep time = ideal bedtime + (ideal
wake time —ideal bedtime)/2). These were moderately correlated
with the corresponding average actual observed midsleep tim-
ings across the lockdown period (r = 0.54, p < .001) as well as re-
opening period (r=0.52,p <.001; Figure 5,A and B), suggesting that
this measure was effective in capturing individual variations in
preferred sleep timing. However, objective observed sleep tim-
ings tended to be delayed relative to participants self-reported
ideal sleep timings, both during the lockdown (t(175) = 13.88, p
< .001) as well as after reopening (t(175) = 10.75, p < .001). While
this delay was reduced during reopening (t(175) = 5.52, p < .001),
it remained significant, suggesting the persistence of other fac-
tors apart from lockdown-related changes such as work-from-
home arrangements that delay actual sleep timings relative
to preferred times. Furthermore, ideal mid-sleep time was in-
versely correlated with age (r = -0.27, 95% CI = [-0.40, to -0.12],
p < .001), and was later for students (mean [SD] = 04:33 am
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sent standard error of the mean.
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[01:24 hh:mm]), compared to staff (mean [SD] = 03:45 am [01:01
hh:mm)], t(175) = 4.16, p < .001, Cohen’s d = 0.64). Ideal mid-sleep
time was unrelated to gender (t(175) = -1.065, p = .29, Cohen’s
d = -0.18), or phone-use cluster (lockdown: F(3, 172) = 0.94,
p = .43; post-lockdown: (F(3,172) = 1.09, p = .36).

Discussion

The current findings indicate that increased physical activity
and earlier and shorter sleep were observed upon reopening
after lockdown. These effects seem to reflect an inverse pattern
of changes in lifestyle observed at the onset of lockdowns, as
reported in a rapidly growing literature [1, 2, 8, 9, 11, 23, 40, 55,
56]. Interestingly, smartphone usage was not significantly re-
duced upon reopening as was predicted, and a slight increase
in experienced stress and worsening of evening mood were ob-
served. Shifts in physical activity, sleep, and wellbeing across the
sample were associated with the degree to which individuals
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Figure 4. Wellbeing variables during lockdown and post-lockdown showing dif-
ferences between phone use clusters. *p < .05. Error bars represent standard error
of the mean.
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returned to in-person work after lockdown, as well as patterns
of bedtime phone use.

Upon reopening, the majority of participants reported
varying mixtures of in-person work and working-from-home,
while a third of the sample continued to fully work-from-
home. This heterogeneity in work arrangement is likely re-
flective of the phased reopening strategy that was adopted by
the Singapore government (mandating continued remote work
where possible in the first weeks after reopening) [57]. We found
a clear relationship between the proportion of days worked from
home versus in-person and lifestyle factors at post-lockdown.
Sleep timing and daily step count returned towards more
normal values for those individuals who reverted to in-person
work most frequently. In contrast, participants who maintained
working from home showed little change in activity and sleep
timing after reopening.

Pandemic-related lockdowns across the world have revealed
how much our going to work influences habitual physical ac-
tivity and sleep. A recent population survey demonstrated that
commute and work-related activities strongly contribute to total
daily physical activity in Singaporean adults (44.5% and 30.0% re-
spectively, vs. 25.5% for leisure-time physical activity) [58]. Such
commute and work-related physical activity may have benefi-
cial long-term health effects (e.g. reduced obesity risk) [59, 60].
Our data also concur with reports that working from home (vs.
in-person work) is associated with later sleep timing [40, 52]. As
daily schedules are less strongly dictated by office hours when
working from home, time for other activities such as sleep could
be more flexibly allocated [39]. This may be beneficial for health
as the observed sleep patterns under less constrained schedules
might reflect the individual’s biological tendencies [39]. However
late sleep schedules, in general, are associated with negative
health outcomes, and may reflect misalignment with natural
night-day rhythms, due to reduced exposure to social and nat-
ural time cues [10, 40, 61]. It is worth noting that in our data
nearly all participants indicated that under ideal circumstances
they would prefer to sleep earlier than they typically did.

Given the observed effects of working from home on phys-
ical activity and sleep, it will be important to monitor the
long-term progression of these behaviors, and to devise recom-
mendations and programs to counteract negative outcomes of
these sustained behavioral patterns. Globally, the pandemic
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Figure 5. Comparison of objectively observed sleep timing versus self-reported preferred sleep timing. (A) Scatter plots of observed mid-sleep times against preferred
sleep time in lockdown and (B) post-lockdown (dashed line indicates equality). (C) Discrepancy between observed and preferred mid-sleep time. **p < .001. Error bars

represent standard error of the mean.
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forced hundreds of millions of people to work-from-home.
As the situation unfolds, many countries have experienced
extended lockdowns and/or multiple cycles of lockdown and
reopening [27, 28, 62]. Technological viability and economic
considerations have led businesses to further embrace remote
work arrangements and down-scale on physical office space.
It is therefore expected that various hybrid work forms may
remain in place for an extended duration, even after the pan-
demic is over [63, 64].

A second set of findings is that patterns of smartphone usage
were closely associated with sleep timing and physical activity.
E-device use, especially around bedtime, can disrupt sleep by
displacing time allocated to sleep, increasing pre-sleep arousal,
and suppressing circadian sleep drive [65]. The use of objective
smartphone tracking allowed us to extract detailed temporal
profiles of phone usage. Cluster analyses confirmed that heavier
phone usage around bedtime was associated with later sleep
and wake timing. These associations were most pronounced
after reopening. Furthermore, heavier pre-bedtime smartphone
usage was associated with lesser physical activity, both during
lockdown and after reopening. From these findings it seems that
heavy smartphone use is indeed associated with unfavorable
health behaviors. When looking at self-rated wellbeing indica-
tors, however, more phone usage was not necessarily associated
with stronger negative outcomes. Individuals who had heavy
phone usage did not report more stress or worse mood than
those who had only light usage. Furthermore, some indications
were found that individuals with intermediate levels of pre-
bedtime phone usage reported slightly better mood, and lesser
loneliness compared to light phone users.

While there has been much focus on the negative aspects of
smartphone use, the smartphone can also be a vital tool in ac-
cessing information and maintaining social connectivity when
communities are physically separated [34, 66-69]. Moreover, ac-
cess to online entertainment can help people to wind down after
a day of work/study [70]. The finding that, prior to bedtime, time
spent on social media, video, and browser apps most strongly
increased, indeed suggests such leisurely usage. In practice, it
is likely that the reliance on digital devices will only grow in the
near future. In our data, we did not observe a reduction in phone
usage after reopening (despite marked increases upon initial
lockdown instatement, as documented in prior research) [20, 21,
23]. To arrive at effective and practicable recommendations, it
seems necessary to take a more balanced approached, weighing
both the potential positive and negative effects [71].

Several limitations of the current study should be noted. First
of all, data were based on a convenience sample of University stu-
dents and employees. As such, results may not be representative
for the wider population. Our study sample contained a relatively
high percentage of students (60.6%), and relatively more women
(69.2%) than men (30.8%). Furthermore, most participants were
single or married without children (93.9%), precluding a com-
parison of effects between individuals with and without parental
caregiving duties [72]. Importantly, although this study was initi-
ated before the Singapore lockdown was announced, recruitment
only started after instatement of the lockdown. Therefore, no
pre-lockdown data were collected in this study for comparison.
However, highly consistent lockdown-related lifestyle changes
have been documented across different populations and coun-
tries [2, 16, 17, 73]. Prior studies in Singapore confirm these lock-
down effects in wider samples of working adults and children [11,

35]. It should further be noted that no a priori sample size esti-
mation could be done, as no prior studies were available to base
power calculations on. Instead, sample size was determined by
the number of Oura sleep tracking devices that were available for
distribution for this study. As the pandemic situation has natur-
ally impeded data collection from human subjects, much research
has relied on survey data [74]. By combining objective tracking
of activity, sleep and phone data, with participants’ self-report
through EMA, the current study provides longitudinal insights,
while minimizing reporting biases associated with (retrospective)
surveys responses [19, 75-78]

Conclusion

The current data shows a complex pattern of changes in lifestyle
and wellbeing after lockdown measures were lifted involving
shorter and earlier sleep, increased physical activity but also in-
creased stress. These changes were in opposite direction as shifts
observed upon lockdown onset, as reported elsewhere. The add-
ition of daily work location and phone use data uncovered per-
sistent, heterogenous effects of residual mobility restrictions on
sleep, activity, and wellbeing underscoring the utility of multi-
modal longitudinal behavioral data in informing strategies to
better cope with an extended pandemic and its aftermath.
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