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Abstract 

Background

Understanding how non-household activities contributed to severe 
acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections 
under different levels of national health restrictions is vital.

Methods

Among adult Virus Watch participants in England and Wales, we used 
multivariable logistic regressions and adjusted-weighted population 
attributable fractions (aPAF) assessing the contribution of work, public 
transport, shopping, and hospitality and leisure activities to infections.

Results

Under restrictions, among 17,256 participants (502 infections), work 
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[adjusted odds ratio (aOR) 2.01 (1.65–2.44), (aPAF) 30% (22–38%)] and 
transport [(aOR 1.15 (0.94–1.40), aPAF 5% (-3–12%)], were risk factors 
for SARS-CoV-2 but shopping, hospitality and leisure were not. 
Following the lifting of restrictions, among 11,413 participants (493 
infections), work [(aOR 1.35 (1.11–1.64), aPAF 17% (6–26%)] and 
transport [(aOR 1.27 (1.04–1.57), aPAF 12% (2–22%)] contributed most, 
with indoor hospitality [(aOR 1.21 (0.98–1.48), aPAF 7% (-1–15%)] and 
leisure [(aOR 1.24 (1.02–1.51), aPAF 10% (1–18%)] increasing. During 
the Omicron variant, with individuals more socially engaged, among 
11,964 participants (2335 infections), work [(aOR 1.28 (1.16–1.41), aPAF 
(11% (7–15%)] and transport [(aOR 1.16 (1.04–1.28), aPAF 6% (2–9%)] 
remained important but indoor hospitality [(aOR 1.43 (1.26–1.62), 
aPAF 20% (13–26%)] and leisure [(aOR 1.35 (1.22–1.48), aPAF 10% 
(7–14%)] dominated.

Conclusions

Work and public transport were important to transmissions 
throughout the pandemic with hospitality and leisure’s contribution 
increasing as restrictions were lifted, highlighting the importance of 
restricting leisure and hospitality alongside advising working from 
home, when facing a highly infectious and virulent respiratory 
infection.

Plain Language summary  
Establishing which activities and venues that were restricted in 
England and Wales during lockdowns were the most likely to lead to 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) 
infections will help us understand how useful the restrictions were 
and will help us to develop proportional responses to future public 
health threats. We found that during periods of intense restrictions 
(October 2020–May 2021) many people became infected with SARS-
CoV-2 if they left home to go to work or used public transport. During 
the period after most public health restrictions were lifted 
(September–mid-December 2021), while many people continued to 
become infected at work or if they used public transport, indoor 
hospitality and indoor leisure venues became increasingly important 
as places where people became infected. During the Omicron wave of 
the pandemic (December 2021–April 2022), by which point there were 
very few restrictions on people’s activities and many people were 
visiting hospitality and leisure venues with increasing frequency, 
people continued to become infected at work and on public transport, 
but hospitality and leisure venues were nearly as important places 
where people became infected. As essential activities led to most 
cases during periods of tight restrictions and leisure and hospitality 
activities became increasingly important under periods when rules 
were more relaxed, it is important to recognise how vital it was to 
encourage people to work from home, reduce public transport use 
and restrict visits to leisure and hospitality settings when the country 
was faced with a fast-spreading virus which killed many people. 

Institute, Berlin, Germany

Any reports and responses or comments on the 

article can be found at the end of the article.
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Outdoor use of leisure and hospitality venues appeared to be safer 
than indoor use.
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Introduction
Prior to the availability of effective vaccines, repeated ‘lock-
downs’ were a critical element of the coronavirus disease 2019 
(COVID-19) pandemic response in the UK to reduce trans-
mission of severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) and resulting hospitalisation and mortality1,2.  
Lockdowns compelled the public to stay at home with advice 
to work from home where possible and minimise public  
transport use, and a range of retail, hospitality and leisure 
venues were closed, restricting non-essential activities and 
social mixing1,2. After the national vaccination programme 
began in England and Wales and public access to free testing  
increased, restrictions were gradually relaxed by increas-
ing the range of public venues that could be visited and reduc-
ing restrictions on the number of people outside the home 
who could be visited1–3. The majority of activity and social  
mixing restrictions were removed in July 2021 (in Eng-
land) and August 2021 (in Wales)2,4. While evidence suggests 
that restriction measures substantially reduced SARS-CoV-2 
transmission and associated outcomes, these measures have  
far-reaching financial, social, and health-related impacts5–7.  
Understanding the transmission risk associated with differ-
ent activities and venues affected by restriction measures is 
crucial to develop an understanding of the effectiveness of 
these measures and to develop proportional responses to future  
public health threats. 

Several studies from varying regions and phases of the  
pandemic have aimed to investigate SARS-CoV-2 infection 
risk associated with different activities. Identified risk factors  
during the first wave of the pandemic include having an increased 
number of non-household contacts, air travel, employment, 
shopping, frequency of attending events of at least 10 people,  
participating in more than one non-essential activity per day, 
attending various indoor settings including restaurant visits, 
places of worship, gyms or salons8–10. However, first-wave 
data were limited as global testing capacity was low and infec-
tions data were likely incomplete. During periods when restric-
tions were lifted and public venues starting to reopen, data are  
conflicting. Public transport use has been associated with 
increased odds of infection, as has shopping at convenience 
stores and visiting a place of worship11,12. The drinking of  
alcohol in restaurants or bars and attending events with singing, 
or attending bars, parties of private ceremonies have been  
associated with greater odds of infection12,13. Visiting indoor  
leisure venues including fitness centres has also been found 
to increase infection risk, while working remotely has been 
found to reduce infection odds13,14. However, conflicting data 
from that period suggest that there is no relationship with 
infection for a range of essential and non-essential activities  
or public transport use, shopping, or leisure activities12,14. For 
a period, some months after the removal of most national  
restrictions, drinking in bars and restaurants and visiting fitness 
centres has been found to be associated with odds of infection15.

Differences in which activities are associated with increased 
odds of infection may reflect different rates of infection and 
the implementation of other non-pharmaceutical interventions 

across regions, as well as differences in study design and collec-
tion of activity data. The impact of activities on SARS-CoV-2 
transmission is likely to be differential depending on levels of 
national public health restrictions, as well as features of the 
dominant variant at the time of investigation and rates of infec-
tion and contact in the population. Comparison of the relative  
contribution of activities to transmission across different  
pandemic periods with comprehensive adjustment for poten-
tial confounding is lacking, particularly for later phases of 
the pandemic following the emergence of the highly infec-
tious Omicron variant. This is warranted to inform responses  
to future public health emergencies. 

To address this research gap, we used data from the Virus 
Watch Community Cohort Study in England and Wales, a study 
which collects individual level data both on infections and 
activities across time, to investigate how work, public trans-
port, shopping, and hospitality and leisure activities contrib-
uted to SARS-CoV-2 infections during periods with different  
levels of national public health restrictions. 

Methods
The current study was embedded within the Virus Watch com-
munity cohort study, which has been active since June 2020 
and involves households across England and Wales completing 
a detailed baseline survey related to demographic and clinical 
characteristics, then subsequent weekly surveys about acute  
illnesses, COVID-19 vaccination, and SARS-CoV-2 testing 
(PCR or lateral flow) and monthly surveys about socio- 
demographic and behavioural topics (e.g., activity patterns). 
Linkage was also performed to national records of SARS-CoV-2  
testing and vaccination. The Virus Watch cohort methodology  
has been described in detail elsewhere16.

Within this cohort, we examined the contributory role of  
non-household activities to SARS-CoV-2 infections during 
three periods of differing levels of public health restrictions in  
England and Wales: a period under intense restrictions and  
during the second wave of the UK pandemic (October 2020–
May 2021); a period immediately following the lifting of 
national public health restrictions on 19th July 2021 during the 
third wave of the UK pandemic dominated by the Delta variant  
(September–mid-December 2021); and a period characterised 
by no restrictions for the majority of the time (with the excep-
tion of a return to mask guidance and self-testing prior to 
visiting vulnerable friends in the festive period), a level of 
social activity engagement closer to pre-pandemic levels, 
and dominated by the highly transmissible Omicron variant  
(December 2021–April 2022). 

Patient and Public Involvement
Patients and/or the public were not involved in the develop-
ment or dissemination of the current study. Due to Virus Watch 
being an urgent public health study during the COVID-19 
pandemic, patients and/or the public were not involved in its  
initial design. An advisory group comprising members of the  
public, community leaders, charities and policy organisations  
provided feedback into the recruitment of ethnic minority  
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participants and health equity focused analyses within Virus Watch 
but were not directly involved in the design or dissemination  
of this study.

Ethics approval
This study was performed in line with the principles of the  
Declaration of Helsinki. Approval was granted by the Hamp-
stead NHS Health Research Authority Ethics Committee, with 
the ethics approval number - 20/HRA/2320. Informed written 
consent was obtained from all individual participants included  
in the study.

Study participants
For each period, within the Virus Watch community study 
we identified a cohort of adult participant aged 18 years and 
above who completed monthly activity surveys. Infections 
were included if testing PCR or lateral flow positive during 
the relevant period, unless there was evidence of recent infec-
tion in the previous three months, as a positive test may have  
signalled ongoing infection acquired prior to the study period. 

For the period under intense restrictions, we identified adult  
participants answering two monthly activity surveys during the 
periods 1/12/2020–10/12/2020 and 17/02/2021–28/02/2021. 
Virus Watch activity surveys commenced in November 2020, 
so activity data were not available for earlier in the pandemic 
wave and we did not include responses from the early January 
2021 activity survey as activities during the Christmas holiday 
period (measured in this survey) were not considered repre-
sentative for the broader period under consideration. Infections 
were included if testing PCR or lateral flow positive between 
01/10/2020 and 01/05/2021 unless there was evidence of  
recent infection in the previous three months.

For the period following the lifting of national public health 
restrictions, we identified adults who completed the three 
activity surveys during the periods 22/09/2021–29/09/2021, 
19/10/2021–26/10/2021 and 16/11/2021–23/11/2021. We did not 
include responses from the August survey as many participants 
were on holiday and survey completion rates were low.  
Infections were included if testing PCR or lateral flow  
positive between 01/09/2021 and 16/12/2021 unless there was  
evidence of recent infection in the previous three months. 

For the final period, characterised by the wide-spread circula-
tion of the Omicron variant, we identified adult participants 
answering activity surveys during the periods 05/01/2022–
12/01/2022, 15/02/2022–22/02/2022, and 23/03/2022–30/03/2022. 
Infections were included if testing PCR or lateral flow  
positive between 11/12/2021 and 30/03/2022 unless there was  
evidence of recent infection in the previous three months.

Some data from periods of intense restrictions and following 
the lifting of national public health restrictions have been used 
elsewhere, but the present investigation included more identi-
fied cases and further adjustment for potential confounding  
as well as further data from the Omicron wave of infections17,18.

Outcome variable
Participants were considered to have had a SARS-CoV-2 infec-
tion if they had a positive PCR or lateral flow test identified 
through self-report or linkage to national records of SARS-CoV-2 
testing (Public Health England’s Second Generation Surveil-
lance System (SGSS) including infections identified through 
hospitalisations and community testing). The linkage was  
performed by NHS Digital. Self-reported and linked tests were 
matched and, while there was a high degree of overlap, linkage  
was used as a preferred source due to accuracy.

Exposure variables
In the Virus Watch monthly surveys, participants reported 
the number of days that they engaged in a range of activities 
in week preceding each survey and their estimated number 
of close contacts. Using these surveys, we examined the fre-
quency of the following activities: attending work or education 
outside the home, using public or shared transport, visiting  
retail settings, and visiting indoor and outdoor hospitality or  
leisure settings. 

For each period, we averaged the frequency of each activity 
and the number of close contacts across all relevant surveys to 
give an estimated overall frequency of the activity during each 
period. We created the following composite variables: public 
transport activities (combining use of taxi, bus, over and under-
ground rail and air travel), retail activities (combining use 
of essential and non-essential shops) and indoor hospitality  
(eating in an indoor restaurant, cafe or canteen; going to an 
indoor bar, pub or club; and going to an indoor party), outdoor 
hospitality (eating in an outdoor restaurant, cafe or canteen; 
going to an outdoor bar, pub or club; and going to an  
outdoor party), indoor leisure (attending a gym, the theatre, the  
cinema, a concert or sports event), outdoor leisure (outdoor  
team sport), and non-social activities (visiting barber, hair-
dresser, beautician or nail salon). For the period under national 
restrictions, when visits to hospitality and leisure venues was 
largely curtailed through closures, we created a composite 
variable for ‘any other non-work non-public transport non-retail 
activity’ to include visiting a canteen/café or restaurant, a 
bar, pub, club or disco, an indoor gym or outdoor team sport, 
attending a party, visiting a sports event, concert, cinema, 
or theatre, a hairdresser, barber or nail salon or a place of  
worship. As the Virus Watch surveys were adapted throughout  
the pandemic waves, the earlier surveys during times of 
lockdown restrictions gathered information on indoor and  
outdoor activities as combined groups whereas the latter  
surveys disaggregated the activities. Retail was categorised at  
levels that were appropriate for each time period. 

We conducted univariate analyses to compare the proportion 
of infected participants based on their weekly frequency of 
going to work, the composite measures, and each exposure  
individually. We also conducted multivariate logistic regression 
using the following adjustment set, which was identified  
using a directed acyclic graph (DAG), to estimate the direct  
effect of each non-household activity exposure: mutual  
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adjustment for each activity, sex, region, living arrangements 
(alone or with children), residence in a deprived area (utilizing 
a combination of rural, urban, conurbation area of residence, 
and deprivation status), and vaccine status. Age was not 
included in the adjustment set indicated by the DAG due 
to its effect operating through included variables; however, 
we performed a sensitivity analysis including age due as it  
widely regarded as a confounder for behavioural activities.

The timing of the UK vaccine policies influenced how we  
categorised vaccine status. As few participants had access to 
vaccines prior to our restriction period cohort, vaccine status 
was determined if a participant received any vaccine during the 
cohort period. During the second period, following the lifting 
of restrictions, only 1% of the cohort received a vaccine,  
as the vast majority had been vaccinated by July 2021 and 
the booster programme largely drive by the arrival of the  
Omicron variant had not started. For this period, therefore, 
we categorised vaccine status based on having none or at least 
one vaccine at the start of the wave. For the final period, we 
again categorised vaccine status based on being vaccinated or  
not during the study period. 

We used inverse probability weighting to account for the 
older age structure of Virus Watch monthly respondents and  
calculated age-weighted, adjusted multivariate population  
attributable fractions (aPAF) to estimate the impact of each 
exposure on non-household transmission in the cohort. Weights 
were derived from estimates of the age structure of the UK  
population19. Missing data were sparse, and all observations 
were included in the univariate analyses, while complete case 
analysis performed for the multivariate adjusted models and  
resulting PAFs. Analyses were conducted in STATA version 16. 

Results
Cohort characteristics
During the period under restrictions, among 17,256 partici-
pants, 502 cases were identified (Table 1). During the period 
immediately following the lifting of public health restric-
tions, among 11,413 participants 493 cases were identified. 
During the highly infectious Omicron wave as individuals 
engaged more frequently in social activities, among 11,964  
participants, we identified 2335 infections. The participants 
in the cohorts who answered the Virus Watch activity sur-
veys across the waves were similar in terms of demographics. 
Participants were in majority female (around 57%), and lived 
with another person (around 75%), few lived with children, 
though the proportion living with children was double during 
the earliest period under restrictions (12%) that of the later  
periods (6%). Just under half of participants (46%) lived 
in an urban area and most participants (around 58%) lived 
in postcodes classified as low deprivation according to the 
UK Office for National Statistics. The participants answer-
ing the surveys during the earliest wave were slightly younger  
(55% of working age) than those answering during the period 
immediately following the lifting of restrictions (48% working 
age) or during the Omicron wave (46% of working age).  
The cohorts were largely vaccinated. 

Participant behaviour
During the period under restrictions, under one-third (29%) of 
participants left home for work or education, with this proportion 
increasing to around 35% during both the period following 
the lifting of restrictions and during the Omicron period (Table 
2). During the period under national restrictions, a similar 
proportion (28%) of participants to those leaving home for work 
used any form of public transport, however this proportion 
increased to nearly half of the cohort (48%) during the  
period after the lifting of restrictions and remained at 42% 
of the cohort during the Omicron wave. During the period 
under restrictions, 43% of participants did three or more non- 
household activities a week (Table 2), although the proportions  
engaging in any single non-work non-transport non-retail activ-
ity was never more than 4% (Table 3). Once restrictions were 
lifted, nearly half of participants were visiting indoor (43%) 
or outdoor (41%) hospitality or indoor leisure (41%) venues 
and more than one-third (35%) undertook non-social activi-
ties including visiting a hairdresser, beautician or nail salon. 
After the restrictions had been lifted for some months, during 
the Omicron wave, the proportion of participants visiting indoor  
hospitality venues was nearly double (77%) that of the period 
immediately following the lifting of restrictions, while the pro-
portion visiting hospitality venues outdoors (30%) dropped 
slightly. The proportion of participants visiting indoor leisure 
venues (39%), outdoor leisure (7%) and non-social activi-
ties (35%) stayed the same during the Omicron period as  
the period immediately following the lifting of restrictions.

Activities associated with infection over time
During the period under intense restrictions, after multivari-
ate adjustments, there was strong evidence that leaving home 
to go to work or education [adjusted odds ratio (aOR) 2.01 
(1.65–2.44)] carried the greatest infection risk, with some  
evidence that using public transport (aOR 1.15 (0.94–1.40) also  
carried a risk (Table 4, Figure 1). During this period when indoor 
social activities were largely curtailed, hospitality and leisure 
were not important risk factors for infection. During the period 
immediately following the lifting of public health restrictions, 
the risk associated with leaving home to go to work or educa-
tion (aOR 1.35 (1.11–1.64) reduced in magnitude but remained 
the activity with the greatest infection risk while the risk asso-
ciated with using public transport increased in magnitude  
and significance (aOR 1.27 (1.04–1.57). During this period 
after the removal of restrictions, indoor hospitality (aOR 1.21  
(0.98–1.48)) and indoor leisure venues (aOR 1.24 (1.02–
1.51)) became increasingly important risk factors. During the  
Omicron wave, leaving home for work (aOR 1.28 (1.16–1.41) 
and public transport (aOR 1.16 (1.04–1.28) were associated with  
a slightly lower, but significant infection risk than in the  
previous period while the risk of infection among participants  
using indoor hospitality (aOR 1.43 (1.26–1.62) and leisure  
venues (aOR 1.35 (1.22–1.48) increased.

Relative contribution of activities to overall infection 
over time
During the period under intense restrictions, leaving home for 
work or education [population attributable fraction (PAF) 30%  
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Figure 1. Adjusted odds of infection by activity throughout the waves. *Other non-work non-transport activities were disaggregated 
by Indoor and Outdoor activities for the periods After the removal of restrictions and During the Omicron wave.

(21.77–37.50)] was the greatest contributor to infections, with 
public transport use (PAF 5% (-3–12%) contributing somewhat 
(Table 4, Figure 2). Shopping contributed minimally during 
this period (PAF 1% (-9 to 11%) and other hospitality and  
leisure activities were not important. During the period imme-
diately following the lifting of public health restrictions,  
leaving home for work (PAF 17% (6–26%) reduced in relative 
importance but continued to contribute significantly to infections. 
The relative contribution to infections of public transport 
use (PAF 12% (2–22%) became increasingly important as 
did the role of indoor hospitality (PAF 7% (-1–15%) and 
indoor leisure activities (PAF 10% (1–18%). During the  
Omicron wave, the relative role of leaving home for work  
(PAF (11% (7–15%) stayed the same as during the period 
immediately following the lifting of restrictions, but the role 
of public transport use (PAF 6% (2–9%) halved, through 
remained a significant contributor to overall infections. During 
this period of mostly no restrictions, the greatest contributor 
to infections was indoor hospitality (PAF 20% (13–26%),  
contributing nearly double the amount to infections than that 
contributed through leaving home for work. Indoor leisure 
use continued to contribute significantly (PAF 10% (7–14%),  
surpassing the role of public transport use during this period. 

Given the (unexpected) inverse relationship between shopping 
frequency and infection (Table 3 and Table 4) during the 
period after the lifting of restrictions and during the Omicron  
wave, we did not calculate PAF for shopping. 

When additionally controlling for age (Table 5), the relative 
contribution to infections of work was reduced under all 
three levels of national restrictions [in the period under  
restrictions (PAF 16% (17–34%), most notable during the  
period following the lifting of restrictions (PAF 3% (-10–15%)) 
and during the Omicron wave (PAF 6% (1–11%)]. 

When additionally adjusting for age (Table 5), the only activ-
ity to be affected with much importance was leaving home for 
work, whose infection odds and relative contributory role to 
overall infections was reduced across all periods. During the 
period under restrictions the odds of infection associated with 
leaving home for work or education reduced slightly (OR 1.79  
[1.45 – 2.21]), but work remained the greatest contribu-
tor (PAF 26% [17 – 34%] to infections during this period. 
The adjustment for age had the greatest impact on the role of 
work during the period immediately following the lifting of  
restrictions, with the odds of infection associated with leaving 
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home for work becoming non-significant ((OR 1.06 [0.85 
– 1.30] and its contributory role reduced to 3% PAF (-10 to 
15%). During the Omicron wave, the additional adjustment 
for age halved the odds associated with leaving home for work 
(OR 1.15 (1.03 – 1.28) and its contributory role to infections 
(PAF 6% (1 – 11%). For all other activities, the infection risk 
and the contributory role to overall infections were little affected  
when additionally adjusting for age. 

Individual activities associated with infection over time
Throughout the pandemic, the magnitude of infection odds asso-
ciated with individual transport methods (Table 6) increased 
as a greater proportion of participants used public trans-
port. Notably, bus use carried an increased infection odds 
of between OR 1.22 (0.89–1.67) when 7% of participants 
used a bus in the restriction period and OR 1.27 (1.14–1.41)  
when one quarter of participants used a bus during the Omi-
cron wave. Similarly, there was a consistent increased odds 
of infection with overground train or tram use throughout the 
pandemic, gaining in strength and significance over time, up 
to OR 1.45 (1.13–1.86) during the Omicron period. Infection 
odds associated with underground use oscillated from nearly  

double during the restriction phase (OR 1.87, 1.26–2.77) when 
only 3% of participants used an underground train, to OR  
1.14 (0.87–1.51) in the period after the removal of restric-
tions, regaining strength and significance (OR 1.35, 1.16–1.56)  
during the Omicron wave. The risk associated with airplane  
use was high (OR 1.39, 1.20–1.62). 

During the period under restrictions, individual activities (Table 3) 
were undertaken by around 1% of participants and no indi-
vidual activity was associated with a significant increased 
infection odds. When venues were no longer under public 
health restrictions, visiting an indoor bar, club or pub carried 
a consistently higher odds of infection [OR 1.45 (1.13–1.84)  
after the lifting of restrictions and OR 1.43 (1.26–1.63) dur-
ing the Omicron wave] than visiting its indoor equivalent [OR 
1.09 (0.87–1.36) after the lifting of restrictions and OR 1.19 
(1.05–1.35) during the Omicron wave]. A similar magnitude of 
elevated risk was associated with indoor restaurant use [OR 1.38 
(1.11–1.73) after the lifting of restrictions and OR 1.52 (1.34–1.73) 
during the Omicron wave] but not with its outdoor equivalent  
[OR 1.14 (0.94–1.39) immediately after the lifting of restric-
tions and OR 1.11 (0.99–1.23) during the Omicron wave], 

Figure 2. Adjusted Population Attributable Fractions (PAFs) by activity across the waves. **AFs below 0 are not plotted. Other 
non-work non-transport activities were disaggregated by Indoor and Outdoor activities for the periods After the removal of restrictions and 
During the Omicron wave.
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and with attending an indoor party [OR 1.38 (1.08–1.77) 
after the lifting of restrictions and OR 1.39 (1.19 – 1.61)  
during the Omicron wave] but not with attending a party  
outdoors [OR 0.91 (0.55–1.49) after the lifting of restrictions  
and OR 1.19 (0.86–1.66), during the Omicron wave). Indoor  
sport carried a significantly higher risk than outdoor sport  
during both periods and visiting a theatre or concert increased 
risk by around a quarter (OR 1.23 (1.01–1.49) after the  
lifting of restrictions and OR 1.28 (1.15–1.42) during the  
Omicron wave].

Discussion
We found that during periods of intense restrictions (October 
2020–May 2021), work and public transport were important 
risk factors for SARS-CoV-2 acquisition and contributors to 
overall infections, but hospitality and leisure were not impor-
tant. During the period when most public health restrictions 
were lifted (September–mid-December 2021) work, public 
transport, indoor hospitality and indoor leisure venues became  
important contributors to transmission. During the Omicron 
wave (December 2021–April 2022), characterised by no restric-
tions for the majority of the period and a return to activity lev-
els closer to those of pre-pandemic, work and public transport 
were still significant risk factors but diminished in importance 
with indoor hospitality and leisure venues increasing in  
importance. 

The sizeable contributory role to infections of leaving home 
for work during the period under restrictions relative to other 
activities demonstrates the effectiveness of the restriction 
measures. One of the few reasons individuals in the UK were 
allowed to leave home during the period under restrictions was 
for work that could not feasibly be done from home such as  
being an essential worker. Such roles included working in health-
care, as a carer or transport worker. These roles were demon-
strated early in the pandemic to carry considerable increased 
transmission risk and our findings that the greatest contribution 
to infections during the restriction period was among individuals 
leaving home for work fits with this. We have previously found 
that front line occupations were most at risk during the early 
stages of the pandemic, but occupation became a less impor-
tant driver of infection risk in later waves of the pandemic20.  
The lack of contribution to infections of hospitality and leisure 
venues during the restriction period compared to their impor-
tant contribution after the removal of restrictions highlights 
the effectiveness of the closure of these venues when the coun-
try was faced with a respiratory virus of high pathogenicity. As 
increasing numbers of participants returned to visiting indoor 
venues during the period immediately after the removal of  
restrictions and some months later during the Omicron wave, 
the risk of infection increased. The larger contribution to  
infections of indoor hospitality during the Omicron period 
compared to the role of work during that period can be partly 
explained by the near double proportion of participants  
attending indoor hospitality venues (77%) versus the propor-
tion leaving home for work (35%) and may also relate to the 
increased transmissibility of Omicron. As restrictions were 
lifted, how people became infected was largely based on the 
extent to which people used the new freedoms to use leisure  
and hospitality venues.

Indoor hospitality and leisure activities significantly increased 
risk of infection but this risk was diminished and not statisti-
cally significant for outdoor hospitality and leisure activities, 
(likely due to massively higher ventilation in outdoor settings). 
This suggests that measures to allow outdoor use of such  
venues may be a proportionate approach to balancing risk of  
infection whilst avoiding total closure of such venues. How-
ever, a relatively small proportion of participants visited  
outdoor hospitality or leisure venues compared to the pro-
portion undertaking indoor hospitality and leisure activities 
limiting the power to accurately measure risk in outdoor  
settings. 

We hypothesised that age is a very strong determinant of 
social interactions and particularly for whether or not people 
work, and that therefore controlling for age would reduce or 
remove many of the associations found. However, with the 
exception of leaving home for work, the effect of controlling 
for age was minimal. The notable reduction in risk related to  
leaving home for work when additionally adjusting for age  
suggests that an important part of the reduced risk of infection 
in older adults relates to reduced exposure to work in those over  
retirement age. 

Odds of infection were paradoxically found to decrease with 
more frequent shopping, except in the period under restric-
tions. We hypothesize that shopping once a week may be  
associated with a longer ‘weekly shop’ in larger venues,  
consequently presenting greater risk than more frequent, shorter 
shops in smaller stores with a lower capacity.

Other work
Findings in this study update a previous investigation dur-
ing the restriction period to include more identified cases and 
further adjustment for potential confounding; essential activi-
ties such as attending work and using transport remained 
important contributors to risk17. Findings broadly corroborate 
and extend results identified in other studies investigating the  
relationship between activities and SARS-CoV-2 infection 
but extend this by using consistent methodology through  
multiple periods of the pandemic, with comprehensive meas-
urement of the range of settings where exposure can occur and  
adjustment for important confounders.

Findings regarding the period during which most restrictions 
were lifted are similar to other studies investigating periods 
with relatively relaxed restrictions. During periods follow-
ing the relaxation of restrictions, public transport was identified 
as a risk factor in studies from previous pandemic phases in 
the USA and France, although non-pharmaceutical interven-
tions were more stringent in these settings than in England and 
Wales during the period in this study11,12. Similar to our own  
results, indoor hospitality and leisure venues were also  
identified to contribute to infection risk during periods of 
relaxed restrictions in France and Denmark12,13,15. The persistent,  
though attenuated, relationship between attending work and 
transmission identified in the present study but not in previous 
literature may reflect differences in activity measurement,  
adjustment, and/or features of the pandemic including  
infection control within workplaces and prevalence of home  
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working in different countries. Broadly, findings corroborate 
previous studies indicating that essential activities are the  
primary contributor to transmission during periods of stringent  
restrictions and that leisure and hospitality activities become 
increasingly important under periods of relaxed restrictions.

Strengths and limitations
Self-reported activity surveys may be affected by recall and 
social desirability bias, however previous studies have sup-
ported the validity of self-reported contact survey data to 
reflect infection dynamics21. To reduce participant burden and 
increase retention in the survey, we elected to use monthly  
surveys with detailed reporting of activities over a one week 
period prior to the survey, with much less detailed reporting 
in weekly surveys. This allowed comprehensive recording of 
a wide range of activities conducted in different settings and by 
averaging results from monthly surveys provided a measure  
of exposure over that period. The surveys asked about 
activities in the week before the survey to minimise recall  
bias. Measures of exposure behaviour in the incubation period 
prior to infection could theoretically be obtained from weekly 
behavioural surveys, and may facilitate stronger causal inter-
pretation, but was complicated by isolation restrictions 
whereby contacts of known cases reduced exposure to non-
household activities in the period before infection. Also, as  
stated above, the weekly surveys had considerably less detail. 
A strength of the study is that we sought to obtain good 
ascertainment of SARS-CoV-2 infections through both self-
reported and linked data on test results from the national testing  
system, which allowed ascertainment of infections. However,  
these will depend on testing behaviours which may vary  
across groups potentially introducing biases.

Results may be affected by residual confounding - given  
challenges with adjustment for multiple complex sociodemo-
graphic and behavioural factors – and recall bias given that  
surveys required retrospective recall. These biases may provide 
an alternate explanation for the protective effect of personal 
care activities. Surveys were also limited in detail to reduce  
participant burden, and consequently could not capture detail of 
protective behaviours (e.g., face coverings and hand hygiene) or 
risk-relevant environmental features (e.g., ventilation) during  
public activities. 

Our comparison across the waves is subject to survivorship 
bias. Participants who died or suffered severe illness due to  
COVID-19 early in the pandemic could not or would be  
unlikely to contribute to activity analyses during the lat-
ter waves. However, as the overall proportion of these severe  
cases is low, this is unlikely to have had an important impact 
on findings. Our study may have been subject to selection bias 
whereby individuals who elect to be part of a research study  
examining associations between their activities and infection 
may have had different frequency of exposure to activities or  
differing self-protection behaviours such as mask wearing 
or hand washing than the general population. We partially  
addressed this through weighting PAFs to the national age 
structure of the population (accounting for the the older 

age structure of the Virus Watch population) but could not 
address other systematic differences in exposures in the cohort  
compared to the general population. For example, if Virus 
Watch contained a lower proportion of public transport users 
than the general public, then the proportion of infections 
attributed to public transport use within the cohort would  
likely be an underestimate of the proportion attributable to  
this exposure across the wider English population. 

Conclusion and recommendations
We found that essential activities are the primary contributor 
to transmission during periods of stringent restrictions and that 
leisure and hospitality activities become increasingly impor-
tant under periods of relaxed restrictions. The change in risk 
factors across the three periods of the pandemic through  
differing levels of national restrictions and resulting behaviour 
in England and Wales highlights the value of encouraging  
people to work from home, reduce public transport use and  
restrict visits to leisure and hospitality settings when the  
country was faced with a highly infectious virulent respira-
tory infection. Outdoor use of leisure and hospitality venues  
appeared to be safer than indoor use.

As population immunity has increased and the severity of 
COVID-19 has decreased, most countries have now moved 
to a phase of “living with Covid” with little or no restrictions. 
Improving ventilation in workplaces, hospitality and leisure 
venues may provide ongoing protection against transmission 
of COVID-19 and a range of other respiratory infections with  
minimal societal disruption. 

In the event of the emergence or re-emergence of a highly 
transmissible respiratory infection with appreciable mortality, 
these findings support the value of advice/restrictions to work 
from home where possible, workplace mitigations for those 
who cannot work from home and advice/restrictions to avoid  
indoor usage of hospitality and leisure venues as effective 
approaches to reduce transmission and associated mortality.

Data availability
As the Virus Watch dataset contains sensitive health data as 
well as other sensitive personal information, the raw data can-
not be published publicly at the individual level. Individ-
ual record-level (excluding any data or variables originating 
from linkage via NHS Digital) are available on the Office for  
National Statistics Secure Research Service (SRS) [https://
ons.metadata.works/]. The data are available under restricted 
access and can be obtained by submitting a request directly 
to the SRS by searching for ‘Virus Watch’ and following  
the subsequent instructions.
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Overall: 
Thank you for giving me the opportunity to read and comment on this interesting research paper. 
The present study used data from the Virus Watch Community Cohort Study in England and Wales 
and aimed to investigate how work, public transport, shopping and hospitality and leisure 
activities contributed to SARS-CoV-2 infection risk during different periods with different public 
health restrictions. It thereby aims to assess the effectiveness of different public health 
interventions across different periods of the pandemic. Odds Ratios (OR) from multivariate logistic 
regression models and adjusted populations attributable fractions (aPAF) were estimated. Overall, 
the manuscript is well written and uses appropriate methods. I appreciate that the study aims to 
investigate the time varying effects of different activities by using high quality data and think that 
the research question is interesting and the results are still timely and needed for further debates 
around pandemic preparedness. However, I have some questions and comments that I would ask 
the authors to address to further improve their study and to reduce ambiguities.

It remains unclear what epidemiological design was used here. The authors used data from 
the Virus Watch Study for three different time periods. It remains unclear if the individuals 
may occur in several of these periods or only in one time period. Please indicate how many 
of the participant of each time period were the same or if these were different individuals. A 
explaining figure might help here. Please give at least short information about the sampling 
strategy, drop-outs and systematic non-response and how this might have affected the 
results and how these issues were handled.

1. 

If these three samples were independent samples, they should be described separately like 
it is done in table 1. Are there individual level information about socioeconomic position 
(SEP) available? Further information about the sociodemographic composition of the sample 
are desirable as we know, that SEP is a strong and time dependent predictor of SARS-CoV-2 
infection. This is not mentioned in the manuscript but should be at least discussed. In 
addition, we know that the infection risk of different occupations changed between 
different periods of the pandemic, e.g. health care worker had a very high infection risk at 
the beginning of the pandemic that later was reduced by the introduction of sufficient 
personal protection equipment and vaccinations and during later phases of the pandemic 

2. 
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e.g. construction worker had a higher infection risk. Please indicate how changing 
distributions of occupations between the samples might have infected your results.
To calculate PAFs is an interesting approach here but the underlying strong assumption of 
causality should be further discussed in this context. I have some doubts that causality can 
be assumed here. Please describe in more detail the approach that was used to calculate 
PAF.

3. 

I was wondering why you decided to calculate OR instead of using all available information 
of your data and calculate incidence rate ratios? Wouldn’t this be the ‘gold standard’ for 
assessing relative risks? Please explain your rationale and the potential limitations of this 
approach in more detail.

4. 

Please provide the reader with the DAG that was used to identify the adjustment set of the 
analyses (e.g. as supplementary material). The role of age in your analyses still remains 
unclear and I believe you should stratify the analyses by age to further explore the role of 
age in your study. In this context, please give the reader more background about the role of 
participants’ SEP. What was the rationale to include area level deprivation as a confounding 
variable? You are arguing that age is reflected by its affects on social behaviour. The same 
holds true for the SEP. We know that compliance with public health interventions is 
associated with SEP as well as infection risk and the possibility to reduce work-related and 
non-work-related physical contacts. I am missing a discussion of these questions in this 
paper.

5. 

Table 3 and table 4: I was wondering how the estimates given here were derived? Are all 
these estimates from one model? How do you rule out table II fallacy here? (Westreich D, 
Greenland S, 2013 [Ref-1])

6. 

In detail: 
Title: The title appears to be very long. Is there the possibility to formulate a more concise title? 
Fig 1 and Fig. 2 Both figures should include information about the adjustment sets used for the 
calculation in order to be interpretable without referring to the main text 
Discussion: 
The discussion about the reduced importance of occupation as driver of infection risk in later 
waves of the pandemic should be discussed in more detail here. What may have driven this 
reduction in importance and what does this mean for public health interventions and pandemic 
preparedness? 
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The paper analyses factors associated to COVID-19 in a cohort of population during 2020-2021-
2022. The paper is valuable; methods and statistical analysis are strong and well done. It deserve 
indexing. I suggest some improvements-

Please specify in the tables the 3 periods considered to increase readability1. 
M&M please explain better the periods used for analysis: it is not clear to the reader2. 
Effect of vaccination: would be interesting to discuss why the paper fails to find a protective 
effect for vaccination in the second period considered

3. 

I suggest to specify the number of doses of vaccine done in table 1 and to specify how many 
doses were considered as “vaccinates status yes” in the adjustment.

4. 

Did you consider the time of vaccination in relation to infections? I suggest to specify that in 
M&M section

5. 
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If applicable, is the statistical analysis and its interpretation appropriate?
Yes

Are all the source data underlying the results available to ensure full reproducibility?
Partly

Are the conclusions drawn adequately supported by the results?
Yes
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I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.
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This study used the data collected from monthly household surveys in England and Wales to 
quantify the role of various activities in SARS-CoV-2 infection. The authors estimated and 
compared the activities' contributions to transmission across the three periods. The paper was 
well written, the methods were well constructed, and the discussion was supported by the results. 
This paper reflected the necessity of the stringent policies in place and the effects of lifting such 
restrictions. While the results were within expectations, it highlighted the importance of using 
household surveys to collect and evaluate the transmission risk of respiratory pathogens. 
 
There are some minor queries: 
- It was noted that the periods of data inclusion were of different lengths. Would this affect the 
results? 
- The periods of infection data were inconsistent as well. For the first period, there was a two-
month period after the survey; the period became less than a month for the second period; and it 
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was 0 day for the third period (30 March 2022). How would this affect the fair comparison and the 
results? 
- Would the authors confirm if the starting date of the infection data collection period 2 months 
earlier than the first period's survey period? It was noted that the recall period of the monthly 
survey was one month. 
- Interpreting insignificant results should be cautioned (page 13 on the PAFs, and page 14 on bus 
use). 
- It was noted age modified the importance of various types of activities, a stratified analysis may 
be useful to determine the effect across age groups. I might have missed the results but there was 
a discussion on this (page 17 second column second paragraph).
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Italy, Torino, Italy 

The changing contributory role to infections of work, public transport, shopping, hospitality and 
leisure activities throughout the SARS-CoV-2 pandemic in England and Wales 
 
The topics of this paper are  interesting, though well known. The structure and content must be 
revised, and results have to be  better explained by authors before to be reconsidered for 
publication. 
 
Title has to be shorter, but to indicate the period such as 2020-2021, etc.  
 
Abstract has to clarify the goal and health and social policy implications to face next health 
emergencies.  
 
Introduction has to better clarify the research questions of this study and provide more theoretical 
background. Authors have to better describe the different sources of transmission dynamics of 
COVID-19 (e.g., climate, air pollution, density, mobility, trade, etc.) and risk factors in society, which 
can  accelerate  diffusion of this novel coronavirus in environment, and after that they can focus 
on the topics of this study to provide a correct analysis for fruitful analysis and discussion (See 
suggested readings that must be all read and used in the text).  
 
Methods of this study has to be better systematize.  The section of Materials and methods must be 
re-structured with following three sections to be clear: 
•    Sample and data 
•    Measures of variables. They have to be well clarified how they are normalized.  
•    Models and Data analysis procedure.  
Authors have to avoid a lot of subheadings that create fragmentation and confusion. If necessary, 
can use bullet points (same comments for section of results and all sections).  
 
Results.  
The paper has a lot of long and full  tables that are difficult to digest, some of them can be put in 
appendix and inserting in the text the most important ones to improve the readability… 
 
An aspect that is not clear is if these people infected are or not vaccinated. Only infections is a 
partial analysis, fatality rates also matters, for a complementary and robust analysis.  
 
Results seem to be relevant but representation with figure 1 and 2 do not show the really effective 
differences under and after the removal of restrictions. Moreover, the level of infections alone is 
not sufficient, it should be associated with fatality rates considering an appropriate time lag from 
infection. We know that Omicron has a high rate of infections but mortality is lower than Delfa 
variants. Results have to be better clarified.  
 
A main aspect to clarify is that transmission dynamics is associated with density of people, mainly 
in urban contexts. Wales and England have different density  and different cities of large size. It is 
not clear how data are normalized for comparative analyses and if they refer to urban or rural 
contexts. These differences should be clarified for better implications.  
All tables and figures have to indicate the period under study.  
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Discussion.  
First, authors have to synthesize the main results in a simple table to be clear for readers and then 
show what this study adds compared to other studies. Now reading the long description, reader 
loses and does not catch the difference of infections with and without restriction.  
 
To  reiterate remove sub-headings that create a lot of fragmentation. Results have to be better 
explained also considering density of cities under study, level of pollution, duration of restrictions, 
etc. Now many factors of transmission dynamics are not discussed and reduce the value of this 
contribution for policy implications.  
 
Conclusion has not to be a summary, but authors have to focus on manifold limitations of this 
study (moving here previous section) and provide suggestions of health, crisis management  and 
social policy, as well as how nations can prevent and manage next pandemics, with good 
governance,  with timely nonpharmaceutical measures of control and vaccination plans.  
 
Overall, then, the paper is interesting, but many results well known. Theoretical framework is 
weak, and some results create confusion… structure of the paper has to be improved; study 
design, discussion and presentation of results have to be clarified using suggested comments. 
 
To be clear, I strongly suggest improving the paper,  by using all comments (suggested papers 
included to read and use all) that I will in-depth verify,  and maybe it can be considered. 
 
Suggested readings of relevant papers that have to be read and all inserted in the text and 
references. 
 
Benati I.,Coccia M. 2022. Effective Contact Tracing System Minimizes COVID-19 Related Infections 
and Deaths: Policy Lessons to Reduce the Impact of Future Pandemic Diseases. Journal of Public 
Administration and Governance, vol. 12, n. 3, pp. 19-33. DOI: 
https://doi.org/10.5296/jpag.v12i3.19834 
 
Ball P (2021) What the COVID-19 pandemic reveals about science, policy and society. Interface 
Focus 11:20210022. https:// doi. org/10. 1098/ rsfs. 2021. 0022 
 
Coccia M. 2023. Sources, diffusion and prediction in COVID-19 pandemic: lessons learned to face 
next health emergency[J]. AIMS Public Health, 2023, 10(1): 145-168. doi: 
10.3934/publichealth.2023012 
 
Anttiroiko A-V (2021) Successful government responses to the pandemic: contextualizing national 
and urban responses to the COVID-19 outbreak in east and west. Int J E-Plan Res (IJEPR),IGI Global 
10(2):1–17 
 
Coccia M. 2022. Preparedness of countries to face COVID-19 pandemic crisis: Strategic positioning 
and underlying structural factors to support strategies of prevention of pandemic threats, 
Environmental Research, Volume 203, n. 111678,  https://doi.org/10.1016/j.envres.2021.111678. 
 
Núñez-Delgado A., Bontempi E., Coccia M., Kumar M., Farkas K., Domingo, J. L. 2021. SARS-CoV-2 
and other pathogenic microorganisms in the environment, Environmental Research, Volume 201, 
n. 111606, https://doi.org/10.1016/j.envres.2021.111606. 
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Allen DW (2022) COVID-19 lockdown cost/benefits: a critical assessment of the literature. Int J Econ 
Bus 29(1):1–32. https:// doi. org/10. 1080/ 13571 516. 2021. 19760 51 
 
Coccia M. 2021. The impact of first and second wave of the COVID-19 pandemic: comparative 
analysis to support control measures to cope with negative effects of future infectious diseases in 
society. Environmental Research, vol. 197, June, n. 111099, 
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Askitas, N., Tatsiramos, K., Verheyden, B. 2021. Estimating worldwide effects of non-
pharmaceutical interventions on COVID-19 incidence and population mobility patterns using a 
multiple-event study (Open Access)(2021) Scientific Reports, 11 (1), art. no. 1972. 
 
Coccia M. (2020). Factors determining the diffusion of COVID-19 and suggested strategy to 
prevent future accelerated viral infectivity similar to COVID. The Science of the total environment, 
729, 138474. https://doi.org/10.1016/j.scitotenv.2020.138474 
 
Jamison JC, Bundy D, Jamison DT, Spitz J, Verguet S (2021) Comparing the impact on COVID-19 
mortality of self-imposed behavior change and of government regulations across 13 countries. 
Health Serv Res 56(5):874–884. https:// doi. org/ 10. 1111/ 1475- 6773. 13688 
 
Bontempi E., Coccia M., Vergalli S., Zanoletti A. 2021. Can commercial trade represent the main 
indicator of the COVID-19 diffusion due to human-to-human interactions? A comparative analysis 
between Italy, France, and Spain, Environmental Research, vol. 201, Article number 111529, 
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