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-307, -150, p<0.001) following adjustment for demographic factors. No significant associa-
tions were found after further adjustment for health and lifestyle factors.

Conclusions

Those shielding or lonely at pandemic onset were likely to have completed low levels of PA
during the pandemic. These associations are influenced by co-morbidities and health
status.

1. Introduction
1.1 Background/Rationale

Before the COVID-19 pandemic in 2019, between 60-70% of adults over 75 years in the UK
were physically inactive, performing less than 30 minutes of moderate intensity physical activ-
ity per week [1, 2], and 60-75% were not physically active enough for good health as defined
by World Health Organization (WHO) [3] and UK [4] guidelines. In March 2020, restrictions
on social interaction were introduced in the UK to slow the transmission of COVID-19 [5].
Since then, a range of social restriction measures have been implemented and released (Fig 1)
[6]. Throughout the pandemic those aged 70 years or older or with underlying health condi-
tions defined as ‘clinically extremely vulnerable’, were advised to adhere to more stringent
social restrictions, including shielding, where all social contact outside of the household was
prohibited [7].

Social restrictions were needed to reduce the spread of the disease but there were concerns
that they may have led to reduced physical activity (PA) during the pandemic in the long-term
[8]. Social isolation can be associated with reduced physical activity, both for the general popu-
lation [9-12] and for older adults [13-15]. Given the implementation of social restrictions dur-
ing the pandemic, the imposed social isolation on a significant proportion of the population
may have increased their risk of physical inactivity. PA has significant benefits across the spec-
trum of health [16], preventing cardiovascular disease [17, 18], cancers [19, 20], improving
mental health [21-23] and providing other benefits from cognitive to bone health [4]. There-
fore, those isolated or lonely during the COVID-19 pandemic may be at risk of poor health
due to prolonged inactivity [24, 25].

1.2 Objectives

We hypothesised that older adults who were lonely or shielding at the outset of the pandemic
would have decreased their levels of PA from the onset of the pandemic. To investigate this,
we aimed to identify and quantify the associations between i) loneliness and ii) shielding status
with PA throughout the course of the pandemic period when the survey was conducted. Thus,
we aimed to provide insight into the wider health impacts of the pandemic, and to identify
whether targeted PA promotion measures may be needed for particular groups of individuals
during and after the pandemic.

2. Methods
2.1 Study design

This study was approved by the Imperial College Research and Ethics Committee (ICREC)
and Joint Research Compliance Office (22/04/2020; 201C5942). All participants were required
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B survey wave

. Lockdown

Eased Restrictions

30/04/20 -
17/05/20

Lockdown 1
Non-essential business

closed.

Leave home for essential
purposes only

to provide written, informed consent before taking part in the study. Participants were
recruited from the Cognitive Health in Ageing Register of Investigational, Observational and
Trial Studies (CHARIOT) [26]. The register is made up of over 40,000 cognitively healthy (no
diagnosis of dementia) volunteers aged 50 or over, living in Greater London. All members of
the CHARIOT register were invited to take part in this CHARIOT Covid-19 Rapid Response
(CCRR) study. Of these, 7,748 participants accepted and completed an initial survey. Partici-
pants were invited to participate in up to five further surveys at 6-week and 3-month intervals
(Fig 1). They were able to complete the initial survey at any point after receiving the question-
naire invitation. However, they were required to complete follow-up surveys within 10 days of
receiving the invite.

The initial survey contained 122 questions on demographics, diet, alcohol and smoking sta-
tus, symptoms of COVID-19, functional activities, sleep, frailty, mental health, and PA (S1
File). PA was assessed using the International Physical Activity Questionnaire short-form
(IPAQ) containing seven questions [27]. Participants were asked to complete this question-
naire in each of the survey waves, providing an estimate for their weekly activity one week
before completing the survey. As part of the first survey, participants were also asked to recall
their PA habits before the implementation of COVID-19 restrictions in March 2020 (pre-pan-
demic PA). Participants were asked how many days they spent completing any vigorous or
moderate physical activity or walking in the previous week. They were then asked how much
time they usually spend doing each of these activities.

Loneliness was assessed by the question from the Imperial College Sleep Quality question-
naire: “During the last month, have you experienced loneliness (felt isolated, with no compan-
ions)?”. They were given the following options: “never”, “rarely”, “sometimes”, or “often”.
Shielding status was assessed by asking participants “Are you currently shielding as per gov-
ernment guidelines for clinically extremely vulnerable groups?”, with options of “Yes” or “No”
(S1 File).

23/06/20 31/10/20 02/12/20 04/01/21 29/03/21

12/06/20 25/07/20 04/09/20 08/3/21

Lockdown 3
Non-essential business

Eased
Restrictions

Lockdown 2
Non-essential business
closed. People only Local tier system closed. Leave home

Eased Restrictions
Hospitality businesses
allowed to reopen.
Groups of up to 30
allowed to meet during
early stages but this
was later changed to 6.

introduced  for essential purposes
only. People only
allowed to meet

others within support

bubble.

allowed to meet
indoors with others in
a support bubble.
Leave home for
essential purposes and
outdoor recreation.

Fig 1. A timeline of COVID-19 restrictions in the UK with the survey waves used for the study.

https://doi.org/10.1371/journal.pone.0290064.9001
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2.2 Statistical methods

All statistical analyses were completed using R software version 4.0.2. The Ime4 package was
used to create linear mixed models [28] and ImerTest to perform model validity tests [29]. For-
est plots were produced with Metafor in R [30].

Body Mass Index (BMI) was calculated by dividing weight in kilograms by height in meters
squared. IPAQ data were cleaned in accordance with IPAQ protocols [27]. Weekly Metabolic
Equivalent of Task (MET) minutes, which represent the number of minutes at a certain inten-
sity of energy expenditure per week (as multiples of resting metabolic rate), were calculated for
each participant at each survey wave, as well as for activity levels before the implementation of
restrictions (pre-pandemic PA). MET minutes were calculated by multiplying the following
MET score values as defined and averaged by the IPAQ scoring protocol (walking = 3.3 METs,
moderate PA = 4.0 METs, and vigorous PA = 8.0 METs) by the number of minutes completing
the activity. For example, walking at a moderate pace for 5 minutes would represent 16.5 MET
minutes [31].

The study investigates between-person differences in PA during the pandemic, adjusted for
an individual’s pre-pandemic PA. Two-level univariable linear mixed models were used, incor-
porating random intercepts for each participant, to assess the associations between shielding
status, and loneliness at the point of the first survey, and time-varying PA at each survey.
These models assumed equal slopes but allowed for different intercepts for each participant. A
theoretical approach was used for confounder selection, aided by construction of two causal
diagrams, for each exposure (S2.1 & S2.2 Figs in S2 File). The first multivariable model was
adjusted for age, sex, ethnicity, month of survey completion (to account for possible seasonal
effects) and pre-pandemic PA (Model 1). The second multivariable model was additionally
adjusted for BMI and the presence or absence of one or more health conditions (Model 2).
The third and final multivariable model was additionally adjusted for smoking (yes/no), alco-
hol consumption (yes/no), whether the participant was living alone (yes/ no) and whether the
participant was single or in a relationship (Model 3). Equations for each model are shown in
S3 File. Values of covariates were determined at the time of the initial survey, and the outcome
measure of PA was time-updated at each survey wave. Statistical analyses and reporting aligns
with the ChecKklist for statistical Assessment of Medical Papers (CHAMP) statement [32].

3. Results
3.1 Participant characteristics

Of the ~ 40,000 individuals on the CHARIOT register, 7748 consented to take part in the
study. Those completing each survey ranged from 7748 (survey wave 1) to 4000 (survey wave
6) (Table 1). Participant characteristics are given in Table 2. Of the 7,748 participants included
in the analysis from survey wave 1, 53.1% (4111) of the participants were female and the
median age was 70 years, with a lower quartile of 66 years and upper quartile of 75 years. 89%
of participants were of white ethnic background, 3.1% were of Asian background, 1.5% were
of mixed or multiple ethnic origins, 0.7% were black African, Caribbean, or black British, and
1.1% were of other ethnicities. BMI data were missing for 66.7% of participants. The median
BMI was 24.5 kg/m’, with an interquartile range of 5.1 kg/m”.

Table 1. Number of participants completing each survey.

Survey 1 (30/4/20) 2 (12/6/20) 3 (25/07/20) 4 (04/09/20) 5 (07/12/20) 6 (08/03/21)
Number of completions 7748 4884 4649 4725 4249 4000

https://doi.org/10.1371/journal.pone.0290064.t001
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Table 2. Characteristics for 7748 participants at the point of the first survey; BMI-Body Mass Index; MET-Meta-

bolic Equivalent of Task.
Characteristic N (%)
Sex Male 3297 (42.6%)
Female 4111 (53.1%)
Missing 340 (4.4%)
Age (years) 50-59 808 (10.4%)
60-69 2592 (33.5%)
70-79 3553 (45.9%)
80-89 713 (9.2%)
90+ 20 (0.3%)
Missing 62 (0.8%)
Ethnicity White 6896 (89.0%)
Asian 240 (3.1%)
Black African, Caribbean or Black British 54 (0.7%)
Mixed or Multiple Ethnic Groups 120 (1.5%)
Other Ethnic Groups 84 (1.1%)
Missing 354 (4.6%)
BMI (kg/m?) <185 51 (0.7%)
18.5-24.9 1382 (17.8%)
25-29.9 832 (10.7%)
>30 316 (4.1%)
Missing 5167 (66.7%)
Health Conditions Present 4412 (56.9%)
Absent 3016 (38.9%)
Missing 320 (4.1%)
Alcohol Drinker Yes 5934 (76.6%)
No 1388 (17.9%)
Missing 426 (5.5%)
Smoker Yes 243 (3.1%)
No 7072 (91.3%)
Missing 433 (5.6%)
Relationship Status Single 2398 (30.9%)
In a Relationship 4928 (63.6%)
Missing 422 (5.4%)
Loneliness Never 3394 (43.8%)
Rarely 1660 (21.4%)
Sometimes 1484 (19.2%)
Often 473 (6.1%)
Missing 737 (9.5%)
Shielding Yes 2012 (26.0%)
No 5314 (68.6%)
Missing 422 (5.4%)
MET minutes/ week <1000 1375 (17.7%)
1001-1500 974 (12.6%)
15001-2000 628 (8.1%)
2001-2500 645 (8.3%)
2501-3000 741 (9.6%)
3001-3500 446 (5.8%)
>3500 1604 (20.7%)
Missing 1335 (17.2%)

https://doi.org/10.1371/journal.pone.0290064.t002
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Of the population, 3.1% of participants were current smokers and 76.6% drank alcohol on a
regular basis. Before restrictions were implemented, PA as measured by median MET minutes
for participants was 1836 MET minutes/ week, with an upper quartile of 3252 MET minutes/
week and lower quartile of 816.5 MET minutes/ week.

The majority of participants reported being in a relationship (63.6%). A quarter of partici-
pants (26.0%) were shielding at the time of the first survey. At the start of the study 43.8%
of participants reported never feeling lonely, 21.4% rarely being lonely, 19.2% sometimes
feeling lonely and 6.1% often felt lonely. This question was left unanswered by 9.5% of
participants.

3.2 Loneliness and physical activity

Results for all associations can be found in S4 File. In univariable linear mixed models, those
who were often lonely completed an average of 522 fewer MET minutes/ week than those who
were never lonely (95% CI: -809, -236, p<0.001). No significant difference was found between
those who were rarely and never lonely in the univariable model (95% CI: -83, 80, p<<0.968)
(Fig 2).

After adjustment for age, sex, ethnicity, month of survey completion and pre-pandemic PA
(model 1) those who were often lonely completed an average of 547 fewer MET min per week
than those who were never lonely (95% CI: -818, -275, p<0.001). Those who were sometimes
lonely completed an average of 112 fewer MET minutes/ week than those who were never
lonely (95% CI: -219, -5, p = 0.041).

No significant differences were found between any of the levels of loneliness and never
being lonely after additional adjustment for BMI and underlying conditions (model 2) or addi-
tionally adjusting for smoking status, alcohol consumption, whether the participant was living
alone and whether the participant was single or in a relationship (model 3).

3.3 Shielding status and PA

In the univariable model those who were shielding at the onset of COVID-19 restrictions were
found to complete an average of 352 fewer MET minutes/ week than those who were not (95%
CI: -432, -273, p<0.001) (Fig 3).

After adjustment for age, sex, ethnicity, month of survey completion and pre-pandemic PA
(model 1) those who were shielding completed an average of 228 fewer MET minutes/ week
that those who were not (95% CI: -307, -150, p<0.001).

No significant difference in MET minutes/ week was found between those who were and
were not shielding at the onset of COVID-19 restrictions after adjusting for age, sex, ethnicity,
BMI, underlying conditions, month of survey completion and pre-pandemic PA (model 2) or
after additionally adjusting for smoking status, whether the participant was an alcohol drinker,
whether the participant was living alone and whether the participant was single or in a rela-
tionship (model 3) (Fig 3). Numbers of participants and observations, as well as coefficients
for covariates for each model can be found in 5S4 File.

4. Discussion
4.1 Key results

We assessed the associations between measures of loneliness and shielding status at the start of
the study, with long-term PA across the COVID-19 pandemic in adults from the CHARIOT
cohort aged 50 years or over enrolled in the CCRR study. CCRR Study participants who were
“often lonely” and those who were shielding at the onset of COVID-19 were significantly less
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Predictor Coefficient p-value
Univariable
Often lonely : i : _522 [-809, —236] <0.001
Sometimes lonely |—-—| -95[-207, 17] 0.1
Rarely lonely I—l—l -2[-83, 80] 0.97

Never lonely (reference)

Model 1
Often lonely P -547 [-818, -275] <0.001
Sometimes lonely l—l—t -112[-219, -5] 0.04
Rarely lonely |—I—| -16[-94, 63] 0.7

Never lonely (reference)

Model 2
Often lonely I { -84 [-522, 355] 0.71
Sometimes lonely |—-—| —47 [-224, 131] 0.6
Rarely lonely I—-—| -51[-182, 80] 0.44

Never lonely (reference)

Model 3
Often lonely ' i —11[-454, 433] 0.96
Sometimes lonely I—b—i 4[-188, 195] 0.97
Rarely lonely I—l—i -30[-169, 109] 0.67

Never lonely (reference)

-1000 -750 -500 -250 0 250 500 750

PA during lockdown, (MET minutes/week)(95%Cl)

Fig 2. Associations between loneliness and physical activity levels for the univariable model, model 1(adjusted for age, sex, ethnicity, month of survey
completion and pre-pandemic Physical Activity—PA), model 2 (adjusted for age, sex, ethnicity, Body Mass Index—BMI, underlying conditions, month
of survey completion and pre-pandemic PA) and model 3 (adjusted for age, sex, ethnicity, BMI, underlying conditions, month of survey completion, pre-
pandemic PA, for smoking (yes/ no), whether the participant was an alcohol drinker (yes/ no), whether the participant was living alone (yes/ no) and
whether the participant was single or in a relationship.

https://doi.org/10.1371/journal.pone.0290064.9002

physically active during the pandemic than those who were never lonely or not shielding.
However, after adjustment for health and lifestyle factors, there was no significant association
between loneliness or shielding status with PA.
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Predictor Coefficient p-value
Univariable
Shielding - -352 [-432, -273] <0.001

Not Shielding (reference)

Model 1
Shielding — 228 [-307, ~150] <0.001

Not Shielding (reference)

Model 2
Shielding —_ ~113[-253, 27] 0.112

Not Shielding (reference)

Model 3
Shielding p———————— _98[-244, 47] 0.186

Not Shielding (reference)

-750 -500 -250 0 250 500 750

PA during lockdown,(MET minutes/week)(95%Cl)

Fig 3. Associations between shielding status and physical activity levels for the univariable model, model 1(adjusted for age, sex, ethnicity, month of
survey completion and pre-pandemic Physical Activity—PA), model 2 (adjusted for age, sex, ethnicity, Body Mass Index—BMI, underlying conditions,
month of survey completion and pre-pandemic PA) and model 3 (adjusted for age, sex, ethnicity, BMI, underlying conditions (present/ absent), month
of survey completion, pre-pandemic PA, for smoking (yes/ no), whether the participant was an alcohol drinker (yes/ no), whether the participant was
living alone (yes/ no) and whether the participant was single or in a relationship.

https://doi.org/10.1371/journal.pone.0290064.9003

4.2 Social isolation, loneliness and PA

Those who were “often lonely” at the onset of COVID-19 restrictions completed significantly
less PA per week over the 11-month follow-up period than those who were never lonely. Simi-
larly, those who were shielding completed significantly less PA than those who were not
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shielding. Given that WHO minimum recommended PA guidance approximated 600 MET
minutes per week [3], these differences found in those identifying as lonely or shielding repre-
sent a significant proportion of weekly PA. This aligns with previous evidence finding subjec-
tive and objective reductions in PA in those who are socially isolated or lonely [13, 33].
However, after further adjustment for health, lifestyle and relationship factors, including BMI,
the presence of health conditions and living/relationship status, associations between PA and
loneliness/shielding were no longer significant, indicating a confounding effect of these fac-
tors. This is possible as those of poorer health are likely to have been required to shield or iso-
late and complete lower levels of PA.

The mechanism for associations between social isolation or loneliness, and reduced PA is
complex, and are likely related to the protective effect that social relationships have on health.
For example, in a study of UK Biobank participants, negative health behaviours were a signifi-
cant contributor to excess mortality in those who were socially isolated or lonely [34]. The rela-
tionship with physical activity might be due, in part, to the absence of motivation from
external contacts [11], and reduced availability of social opportunities together with reduced
capacity for PA. Loneliness is independently associated with reduced physical function [35].
These factors provide insights, and potential avenues for future interventions, in accordance
with models of behaviour change [36] addressing motivation, opportunity and capability,
respectively.

People who are socially isolated or lonely are likely to have other co-existing risk factors for
lower PA. In a study of objective PA in the English Longitudinal Study of Ageing (ELSA),
although social isolation was strongly associated with reduced PA and increased sedentary
time in adults over 50 years of age even after adjustment for covariates, the association of lone-
liness with reduced PA was only present in univariable models [13]. Social isolation (an objec-
tive measure of social contacts) and loneliness (the subjective feeling of the difference between
preferred and actual social contact) encapsulate different [37], but related, concepts. For PA,
social connectedness may be a key driver, rather than the subjective perception of social con-
tact alone.

Individuals who were often lonely or shielding at the outset of the pandemic may be at risk
of poor health due to prolonged physical inactivity. These individuals may also be at risk of
poor health due to other health consequences of loneliness and social isolation, such as poor
mental health, cognitive impairment, and impaired motor function [38]. Studies have also
identified associations between marital status, time alone, and mental or physical health and
loneliness among older adults [39]. It is therefore possible that loneliness frequency increased
during the pandemic due to reduced social contact, poorer physical health due to inactivity
and poorer mental health due to the stress of the pandemic. Therefore, the negative health con-
sequences of the pandemic might have longer-term effects and impacts beyond morbidity and
mortality directly attributable to COVID-19.

4.3 Limitations

There are a number of limitations that may affect the generalisability of these results. First,
although the IPAQ short-form is well validated across diverse populations under the age of 65
[40] and adequately validated in participants over this age [41], there may be bias in self-reported
PA. Findings have shown that self-reporting tools only weakly correlate with objective measures
such as pedometers [42-44]. Therefore, there may be some inaccuracy in the recording of PA.
There is a risk of recall bias within the study, as participants in the first survey wave were
asked to recall their PA habits before the implementation of restrictions. These may have been
over- or under-estimated. Although systematic differences in a participant recording higher or
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lower estimates of their PA may be reduced by our assessment over long-term PA levels, there
is likely to remain a bias in estimates at each time point. The methodology of this study may
have been improved through the use of accelerometry and momentary social contact ratings
on electronic diaries [45, 46]. These devices provide near real-time data assessment, reducing
the risk of recall bias. Using the devices may have also improved the reliability of the study
through allowing multiple assessments across time. However, given the additional financial
cost of the devices and logistical challenges with using them among a large cohort throughout
the pandemic, they were not used for this study. Similarly, the surveys were completed under
varying social restrictions. Our study investigated the longer-term changes in PA from
COVID-19 restrictions, but further work could explore the impact of external events, such as
changes in social restrictions, on short-term changes in PA over the pandemic.

The questionnaire used a question on loneliness modified from the Imperial College Sleep
Quality Questionnaire; which in turn was adapted from the Pittsburgh Sleep Quality Index
[47] and Centre for Epidemiologic Studies of Depression Scale for work- free periods [48].
However, the Office for National Statistics (ONS) suggested measures of the first three ques-
tions from the University of California, Los Angeles (UCLA) three-item loneliness scale,
together with a direct question about loneliness from the Community Life Survey, may add
more validity or sensitivity to these surveys [49]. Moreover, the different categories used for
loneliness are subjectively defined by the participant, potentially leading to instances where
two individuals experiencing the same degree of loneliness may record two different answers.
However, these limitations are largely due to the fact that loneliness is subjective, and cannot
be objectively captured, making these issues largely unavoidable.

Another limitation of this study was the large amount of missing data for BMI, as many
participants did not complete both the height and weight responses to the initial survey. This
high level of missing data could impact on the level of significance of results for both loneliness
and shielding multivariable models.

The criteria for shielding also changed throughout the pandemic [50]. Therefore, the effect
of shielding on PA may vary between different risk groups. This makes the clinical meaning of
the shielding results difficult to interpret. Finally, 89.0% of participants were white, whereas in
the 2011 census this figure was much lower (44.9% of London’s population identified as white
British) [51]. Therefore, it is unlikely that the study participants are a true representation of
London’s population. Additionally, and perhaps related to this, the participants within the
study were more active than expected. Over 90% of participants achieved the WHO’s [3] rec-
ommended guidelines for PA pre-pandemic. This is significantly more than the 67% of Lon-
don’s population known to meet the recommended guidelines [52].

4.4 Conclusions

Participants who reported feeling often lonely or were shielding at the outset of the pandemic
were found to be significantly less physically active during the 11-month study period com-
pared to those who were never lonely or not shielding. Although these relationships were par-
tially explained by other factors such as BMI, underlying conditions, and relationship status,
the results indicate that people who were lonely or shielding may be at risk of poor health due
to prolonged physical inactivity. Our findings highlight the need for proactive support for
those experiencing loneliness or those shielding during the pandemic. Findings from this
study also illustrate the need to support members of society who are socially isolated, or at
high risk of loneliness outside of the context of the pandemic. Social isolation and loneliness
should be considered in the design and implementation of physical activity interventions, and
vice-versa, for these groups.
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