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Background: In response to the COVID-19 pandemic, governments across the globe have imposed strict
social distancing measures. Public compliance to such measures is essential for their success, yet the economic
consequences of compliance are unknown. This is the first study to analyze the effects of good compliance
compared with poor compliance to a COVID-19 suppression strategy (i.e. lockdown) on work productivity.
Methods: We estimate the differences in work productivity comparing a scenario of good compliance with one
of poor compliance to the UK government COVID-19 suppression strategy. We use projections of the impact
of the UK suppression strategy on mortality and morbidity from an individual-based epidemiological model
combined with an economic model representative of the labour force in Wales and England. Results: We find
that productivity effects of good compliance significantly exceed those of poor compliance and increase with the
duration of the lockdown. After 3 months of the lockdown, work productivity in good compliance is £398.58
million higher compared with that of poor compliance; 75% of the differences is explained by productivity effects
due to morbidity and non-health reasons and 25% attributed to avoided losses due to pre-mature mortality.
Conclusion: Good compliance to social distancing measures exceeds positive economic effects, in addition to
health benefits. This is an important finding for current economic and health policy. It highlights the importance
to set clear guidelines for the public, to build trust and support for the rules and if necessary, to enforce good
compliance to social distancing measures.
. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .

Introduction

S
ince the December 2019 outbreak in China, the novel coronavirus
virus (COVID-19) has become a global pandemic. The short-

term health impact of the pandemic is unprecedented, with nearly
470 000 deaths globally, and about 45 000 of these deaths coming
from the UK.1 In response to control the spread of the pandemic
and to minimize both mortality and the strain on NHS hospital
capacities, on 23 March 2020, the UK government implemented a
‘lockdown’. Lasting until the beginning of June 2020, this period
included the non-pharmaceutical interventions (NPIs) case
isolation, social distancing of the entire population, household
quarantine and business, school and university closure.2,3 Public
compliance with these measures is necessary for the effective sup-
pression of COVID-19, as lockdown ensures that the spread of
COVID-19 is lowered. Whilst the health benefits of good public

compliance vs. poor compliance to these NPIs in response to pan-
demic outbreaks have been clearly identified, the economic effects
are unknown.4–6

Compliance behaviour to laws, orders and public rules can be
motivated by demographic, instrumental or normative factors.7

Demographic factors such as gender or age can predict compliance
with research finding that men and younger individuals are less
compliant than women and older individuals.8 Normative factors
relate to people’s perceived duty to support the authorities and/or to
act for the greater good of the society.9,10 Instrumental factors are
motivated by individual returns of compliant behaviour by weighing
the benefits of an action against the costs of the action.11,12 Whilst
systematic reviews show that various studies have analyzed
the determinants and health effects of compliance to lockdown
measures of pandemics that have occurred in the 20th and 21st
century,13,14 none has to our knowledge focused on identifying
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the effects of compliance to containment measures on work
productivity, and in doing so to quantify this instrumental societal
value of compliance.

Therefore, in this article, we add to the literature by estimating
and comparing the work productivity effects of good public com-
pliance to poor public compliance to the UK lockdown measures
among the employed Welsh and English labour force. To our know-
ledge, this research is the first to identity productivity effects of
compliance to COVID-19-related lockdown policies. To measure
the impact of COVID-19 on mortality and morbidity, we combine
a labour force model with outputs from the epidemiological
individual-based spatial model by Ferguson et al. (2020) who simu-
late the effect of good and poor compliance of the UK lockdown
policy on the spread of COVID-19.6,15

Our study also contributes beyond COVID-19. Findings from our
analysis contribute to the debate of the impacts of individual vs.
social preferences in health and work contexts. One can understand
good compliance being in line with societal preferences and poor
compliance closer aligning to individual preferences, circumstances
and socio-economic factors, including the ability to work from
home (WFH). It can be individually rational to defect NPIs due
to economic necessity, or preferences in socializing or work environ-
ments, especially for low-risk populations. Often individuals can or
do not consider the wider societal consequences of their actions for
other people’s health and the related economic consequences.16 By
comparing the work productivity effects of a good and a poor com-
pliance scenario, we also illustrate the economic effects of such
behaviours.

Furthermore, the findings of our analyses provide inputs for eco-
nomic analyses, such as cost-benefit analyses of lockdown policies or
macro-economic studies estimating the financial burden of the pan-
demic.17 Beyond the empirical contributions, our study also adds to
methodological advances by developing a framework that integrates
epidemiological predictions into an economic micro-simulation
model. An advantage of the framework is that it can be modified
to be used in the analysis of NPI effects on work productivity of
other infectious diseases in different contexts.

Methods

Suppression strategy

We build our analysis on projections of COVID-19 spread in the
population of England and Wales coming from the individual-based
simulation model (IBM) by Ferguson et al. (2020). Prior studies
have used this IBM to provide predictions of the incidence of in-
fection and mortality rates by infection group.4–6 Ferguson et al.
(2020) have modelled the suppression strategy (widely referred to
as lockdown) and tested the effect on the transition dynamics of
COVID-19.

The suppression measures implemented in the lockdown scenario
include case isolation, social distancing of the entire population,
household quarantine, reducing workplace contacts and school
and university closure.6 In this article, the good compliance scenario
assumes social distancing leads to a 90% drop in social contacts and
75% compliance with household quarantine, while poor compliance
assumes social distancing leads to a 66% drop in social contacts and
50% compliance with household quarantine. Both scenarios assume
only 50% of workplaces remain open during lockdown, but the
good compliance scenario assumes 50% effective social distancing
within open workplaces while the poor compliance scenario assumes
social distancing within open workplaces only reduces infectious
contacts by 25%. A reproduction number, R0, of 2.8 was assumed
for both compliance scenarios. The model provides results as four
main outputs—the daily population prevalence of (i) uninfected
individuals, (ii) infected but not hospitalized individuals, (iii) hos-
pitalized cases and (iv) cumulative deaths in England and Wales.

We simulate the effects on productivity, applying weekly averages
of the IBM simulation outputs, over the period of 13 weeks which is
the time, from 16 March until 7 June 2020, covering the time of the
UK-lock down. Since compliance levels vary across different popu-
lation groups and compliance levels impact productivity differen-
tially, a core aspect of our analyses is to consider different
compliance scenarios. It is important to note that we do not model
mixed-compliance behaviours. As such, we estimate ceiling effects
using two scenarios of good and poor compliance. Simulation ana-
lysis is here appropriate as two hypothetical scenarios are com-
pared.18 The reader will find a brief discussion on the value of
simulation analyses in the health economic and public health con-
text in the appendix.

Productivity effects

The different productivity effects of the lockdown on the UK labour
force vary by worker groups, defined as keyworkers and all other
non-essential workers. To identify channels of work productivity
effects, we use the government job roles and classification of
COVID-19 lockdown-specific keyworkers and key-industries/busi-
nesses19 and information of sectoral options to WFH20 to charac-
terize the labour force into four groups:

• Group I: keyworkers in key sectors such as healthcare, food and
beverages sector (including production, distribution and retail),
transport and utilities. Individuals in this group may still use
child-care services and schools irrespective of closures of schools
or nurseries following government guidelines19;

• Group II: non-essential workers whose occupation and nature of
work tasks do not allow working from home (e.g. individuals
working in the manufacturing industry or wholesale and retail
businesses allowed to remain open under the isolation policy)20,21;

• Group III: non-essential workers in businesses that had to close
temporarily due to government policy (e.g. individuals working in
restaurants, hospitality industry and retailers)19;

• Group IV: non-essential workers whose occupation allows work-
ing from home (e.g. workers from tertiary education, certain fi-
nancial businesses or human resource services).20,21

We provide a detailed list of the composition of the four groups
in Table A3 in the supplemental material. We discuss in the follow-
ing section how productivity effects of the four groups vary between
the good and poor compliance scenario.

Channels of impact

COVID-19 affects productivity in three ways, with heterogenous
impacts by policies but also through different channels:

(1) Sickness, where the effect of sickness varies for hospitalized and
mild cases. Hospitalized workers do not work and therefore ex-
perience a full productivity loss over the period of the hospital
stay.22 We assume that cases with mild illness in the group of
home office workers are either absent from work or work despite
feeling sick with is reflected in a loss of productivity of about 60%
(absenteeism & presenteeism). Cases in groups I and II who cannot
WFH are assumed to be absent from work over the period of
their mild sickness.23

(2) Premature mortality resulting in a loss of individual productivity
from the age at death until retirement.

(3) Non-health-related reasons which cause productivity losses as a
result of a decreased ability to WFH or increased household
responsibilities such as caring for children due to school and
nursery closure or from business closures following the UK lock-
down policies.
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Productivity effects due to morbidity and non-health-
related reasons

We measure productivity effects from morbidity (sickness) and
non-health-related effects with the average weekly gross income in
each of the defined four groups. Using the average weekly income as
measure for productivity is a standard approach and follows the
assumption that marginal productivity is equal to the marginal
cost.24–26

Table 1 provides an overview of the different types of productivity
effects for the four labour force groups. Group I, the keyworkers, are
affected by losses in their productivity due to sickness and hospital-
ization. We assume that no further losses occur as keyworkers may
still send their children to school or day care.19

For workers in Group II, non-essential workers without the pos-
sibility to WFH, there are two sources of productivity losses: the
losses related to their own illness and mortality, as well as product-
ivity losses arising from childcare duties due to school and nursery
closures for single parents (Single parent) or parents living with only
employed household members with whom child caring duties are
assumed to be shared (Shared parenting support). We assume zero
productivity losses where parents can rely on an unemployed adult
household member to care for the child(ren) (Full parenting sup-
port). We assume zero productivity in Group III due to government
enforced shut down of businesses for employed workers who cannot
WFH.

For Group IV, non-essential workers that can WFH, we measure
lost productivity arising from two channels: sickness and presentee-
ism resulting from other competing tasks in the household such as
childcare. Non-health-related productivity losses for this group are
caused by decreased ability to perform work-related tasks due to
several potential factors: being a single parent with no other house-
hold member to share childcare duties (WFH single parent), living
with an employed partner or other employed household member
where child caring duties are assumed to be shared (WFH shared
parenting support) or living with an unemployed partner or adult
household member who can look after the child (WFH full parenting
support). These subgroups are assumed to have no child-care obli-
gations and can work either from home or their workplace.

Productivity effects due to premature mortality

With regards to productivity effects due to premature mortality, we
compute productivity losses due to premature mortality using the
human capital approach, computing the net present value (NPV) of
overall lost life-income as a result of premature death.24,26 Following
the methodology, the NPV of lost income is defined by the lost life-
years until retirement at age 65, multiplied by discounted annual
income which is used to compute the NPV. Assuming that mortality
is invariant between Groups I, II, III and IV, we compute mortality

effects over the whole employed labour force by 10-year age-groups
(16–24, 25–34, 35–44, 45–54, 55–64). We thereby combine mortality
estimates from the IBM for the 10-year age-groups and the average
annual income in each age-group. We compute the NPV of forgone
productivity with a discount factor drawn from a uniform distribu-
tion between 3 and 5% to assess sensitivity, shown in Table A1 of the
appendix.27–29

Labour force model—data

We used the Office for National Statistics Quarterly Labour Force
Survey (QLFS) for data from 1 October through 31 December 2019,
to build a static labour force baseline model (pre-COVID-19). QLFS
is the largest representative household survey of the UK population,
including approximately 40 000 households and 80 000 individuals
per quarter.30 Households are randomly selected by postcode within
a geographical area and followed up for five waves (five quarters)
and then replaced with a new cohort. QLFS provides detailed data
about individual employment conditions including employment
status and occupation, data on household composition including
age of household members, household structure and the number
of dependent children living in the household. QLFS comes with
calibrated income and population weights which we use in this
analysis, as suggested by the Office for National Statistics (ONS).30

We focus on the salaried economically productive population and
constrain our analytical QLFS sample accordingly. The sample is
composed of individuals who are of working age (16–64 years), re-
port to be employed and are English and Welsh residents, restricting
the QLFS to 33 128 individuals. The sample is restricted to England
and Wales because the IBM model was calibrated on these popula-
tions. Using population weights in the analysis, our sample is rep-
resentative of the Welsh and English active labour force of about 28
million people. We acknowledge that unemployed and retired indi-
viduals can also have productivity effects on the economy; however,
due to data limitations, we cannot assess effects on either of these
population groups. Previous studies analysing the economic impacts
of pandemics also excluded the unemployed and retired popula-
tion.26,31–34

Using the QLFS, we compute indicators of the percentage of
individuals living without children (WFH), with children as single
parents (WFH single parent; Single parent), living with children and
an adult in the household who is unemployed and can look after the
child(ren) (WFH full parenting support; Full parenting support) or
who is employed and with whom child caring duties are shared
(WFH shared parenting support; Shared parenting support) (see table
1). We use information on individual occupation (ICDM codes) to
group individuals into the I–IV Groups and compute the total week-
ly wage income for each of the I–IV Groups at baseline (pre-
COVID-19). We then use QLFS age information to compute 10-
year age bands and the total annual wage income in each age-band.

Table 1 Types of work productivity effects by labour force group

Productivity effect Group I: keyworkers

(workplace or home)

Group II: workers

non-essential

(workplace)

Group III: workers

non-essential

(workplace closed)

Group IV: workers

non-essential (home)

Mildly sick (absenteeism) � � Full loss of productivity

Mildly sick and working from home (presenteeism) �
Hospitalization � � �
Working from home (WFH)a �
WFH single parent �
WFH full parenting supporta �
WFH shared parenting support �
Single parent �
Full parenting support �
Shared parenting support �

a: Affects only ‘WFH’ and ‘WFH full parenting support’ subgroups as these groups are not constrained in their choice of the workplace
location by child caring duties.
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Productivity effects related to morbidity and non-health reasons
are identified by multiplying IBM average weekly predictions of
population proportions of (i) non-infected and asymptomatic
infected; (ii) mildly sick not requiring hospitalization; (iii) infected
requiring hospitalization (IBM predictions) with the total weekly
wage income in each of the four groups (Group III is always zero
per assumption); and (iv) proportions of family composition, prod-
uctivity for keyworkers and non-essential workers and home office
efficacy parameters, where applicable by groups (QLFS). A detailed
description and the parameterization of the model is provided in the
supplemental material.

Results

Figure 1 illustrates the evolution of differences in work productivity
between the good and poor compliance scenarios by morbidity and
non-health reasons (black long dashed line), mortality (black line)
and total aggregated differences (light grey long dashed line) over
the 13-week period of the UK lock down. We compute the figure
using mean values of parameters. The differences of productivity
effects are expressed in £million with higher values in morbidity
and non-health reasons and total aggregated differences indicating
higher productivity in good compliance. The NPV of losses in life-
time productivity due to premature mortality are expressed in £mil-
lion, with higher values indicating more losses due to increased
mortality.

Included in figure 1 is the population prevalence of hospitalized and
non-hospitalized sick cases for each compliance scenario. The short
dashed grey line presents the prevalence of sick people in the poor
compliance scenario. Prevalence of sick cases among the working
population peaks after around 3 weeks at 0.0025% and smoothly
reduces to 0.002% until week 13 at the end of the lockdown. In com-
parison, prevalence of sick people in the good compliance scenario,
expressed by the short dashed black line, peaks at a same time at <
0.002% but approaches 0% at about the end of the lockdown.
Hospitalized cases in both scenarios (grey dots for poor compliance
and black dots for good compliance) follow similar comparative trends,
but at much lower prevalence levels and lagging the sickness curves.

Values for mortality losses are negative from week 3 onwards
implying higher mortality losses in the poor compliance scenario.
Differences in productivity effects due to morbidity or non-health
reasons are positive meaning that work productivity is always higher
in the good compliance scenario. Productivity differences increase
from week 2 until week 9 where they reach a maximum difference of
about £40 million. Differences marginally decrease from week 9
onwards due to reduced sickness prevalence in poor compliance.
The total differences in productivity which accounts for both

mortality losses and productivity losses follows a similar pattern
to the productivity difference, reaching its peak at week 9 at £50
million and decreasing from thereon slightly.

In table 2, we present the aggregated productivity effects of good
compliance vs. poor compliance to lockdown rules, where, as
described in the previous section: (i) productivity effects due to
morbidity and non-health reasons, (ii) losses in productivity due
to premature mortality and (iii) the total productivity effects. We
split the analyses by the duration of the lockdown, ranging from
1 month until 3 months, the end of the lockdown. The effects are
estimated in £million.

One month into the lockdown, good compliance is significantly
associated with a £31.91 million gain in total productivity, with
£29.21 million in productivity gains due morbidity and non-
health reasons, and an averted loss of £2.7 million in mortality.
These total productivity gains of good compliance increase after 3
months, the end of the national UK lockdown, to £398.58 million.
This is due to falling sickness prevalence in good compliance and
averted mortalities. Avoided losses mortality are £88 million.
Productivity gains in good compliance due to morbidity and non-
health reasons are £310 million.

Table 3 presents the total aggregated differences in productivity of
good and poor compliance per individual worker expressed in £. We
find that on average good compliance improves work productivity
per worker by £1.34 after 1 month into lockdown, this increases to
7.72 after 2 months of lockdown and to £16.76 at the end of the
lockdown. The non-linear increases of productivity gains over time
are explained by the non-linear nature of the epidemiology of
COVID-19 effects on sickness prevalence and mortality.

We test the sensitivity of our findings with regards to the timing
of returning to work after hospitalization. Doing so, we add an extra
week of full absenteeism from work for those individuals with a
more severe case of COVID-19 but did not die because of the dis-
ease. The findings are presented in Table A2 in the supplemental
material and corroborate our findings in table 2.

Discussion

Our results provide evidence that good compliance (compared with
poor compliance) to lockdown regulations shows strong positive
economic effects in the short-term, at £31.91 million after 1 month,
and £398.58 million after 3 months, the end of the UK lockdown.
Differences are driven by the effect that good compliance has in
halting the spread of the disease and flattened the epidemic curve
and thusly, decreases in morbidity and premature mortality losses
whilst accounting for non-health-related reasons. About 75% of the
work productivity effects are due to differences in non-health and
morbidity effects and 25% are explained by premature mortality
effects between the two scenarios. The lower share of avoided mor-
tality losses can be explained by the demographic composition of the
labour force, as younger age groups are less at risk of COVID-19-
related mortality.6 The differences in morbidity and non-health rea-
sons can be interpreted as avoided cost of absenteeism in good
compliance.

Whilst our analysis has used the features of the first UK lockdown
alongside specific COVID-19 population predictions, the implica-
tions of our findings are valid in similar contexts such as Western
European countries. These countries apply similar lockdown policies
while also sharing comparable social welfare systems that implement
furlough schemes, technological standards permitting working from
home, comparable health care systems and demographic structures
which affect both work productivity effects and the transmission of
COVID-19.

Our analysis has some limitations. We may underestimate prod-
uctivity effects as healthy individuals that are staying at home can
produce other goods and services (e.g. childcare, informal care,
cleaning, cooking). This includes the retired, the unemployed, as

Figure 1 Differences in mortality losses, work productivity and total
work productivity: good and poor compliance
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well as those not in the labour force. Due to data limitations, we
cannot infer productivity measures for non-market activities and
consequentially output and mortality effects for these populations.
However, our approach is consistent with the literature which uses
measures such as GDP—which neither accounts for nonmarket
productivity nor mortality effects of the non-working popula-
tions.31–35

We use a static labour force model without accounting for labour
force dynamics of policy scenarios, such as job-shifting patterns. We
thus estimate a ceiling effect in productivity of good vs. poor com-
pliance. However, we account for reductions in overall economic
productivity by allowing uncertainty in sectoral productivity. We do
not model the effect of intra-household COVID-19 effects, e.g. sick-
ness of the partner or quarantine effects arising due partner’s ill
health and related consequences for productivity. Both limitations
may result in partly underestimating the productivity losses due to
morbidity comparing the good compliance scenario to the poor
compliance scenario.

Our study does not consider the potential negative effects of com-
pliance to social distancing on social isolation, lack of belonging or
relatedness. Previous research showed that increased loneliness or
isolation can reduce economic outcomes.36 Such effects are difficult
to quantify in monetary terms, and we have therefore not included
them in our analysis. Future research should evaluate the role of
such factors in work productivity.

Our analysis relies on various assumptions of parameter values. All
parameters and their distributions are informed by existing surveys
and studies. Moreover, we randomly draw from parameter distribu-
tions and hence incorporate uncertainty about the ‘true’ values of the
parameters and variations of parameters between individuals. We are
therefore confident that neither the parameters nor their values lack
generalizability, or specific parameter values drive the results.

Our simulation makes a unique contribution to research by com-
bining daily epidemiological IBM predictions that, different to basic
Susceptible-Infected-Recovered (SIR)-models, account for individual
heterogeneity, with a labour-economic micro-simulation producing
more realistic simulations of the studied population over time. This a
different approach to existing economic studies which rely on more

basic SIR-compartmental epidemiological models and fewer data
points. We are thus able to show the variation of the economic costs
alongside the pandemic trajectory over time, accounting for hetero-
geneities in the population resulting in more realistic projections.

Our analysis corroborates findings of other works that have inves-
tigated compliance behaviour as a result of a pandemic, in that
lockdown behaviours are necessary to halt the spread of disease.13

Gupta et al. (2005) reported that quarantine in Canada following the
SARS outbreak was costly upfront, but ultimately saved lives and
money for the public (saving around $200 million). A main differ-
ence between our work and that of others is that we model prod-
uctivity impacts on the economy according to various lockdown
periods. In doing so, we observe heterogeneity in the overall impact
of total productivity by different lengths of lockdown. Our findings
have important implications for policy as they highlight that good
compliance has real and important effects on both health outcomes
and the economy. Accordingly, it is important that governments set
clear rules to the public, build trust and support for the rules and if
necessary, enforce compliance.

Whilst our analysis identified the lockdown effects on work prod-
uctivity in a high-income country (HIC), future research is required
to assess the effects in different socio-economic settings. Such ana-
lysis should look at variations of work productivity effects among
social classes within HICs, addressing the unequal impact of
COVID-19 especially on lower-income groups. We would also
encourage research to assess the robustness of our work in the
context of low- and middle-income countries where, e.g. demo-
graphic factors strongly vary in comparison to HICs, eventually
affecting both the health impacts of COVID-19 and related work
productivity effects. Furthermore, future research should also ex-
plore alternative behavioural response models, such as mixed-
compliance behaviour where compliance behaviour can vary within
the population.

Supplementary data

Supplementary data are available at EURPUB online.

Table 3 Differences in work productivity effects per worker in good compliance vs. poor compliance due to health and non-health reasons

Duration of lockdown Mean effect per worker (£) Standard error 95% confidence interval

1 month (weeks 1–4): March–April 1.34 0.003 (1.34; 1.35)

2 months (weeks 1–8): March–May 7.72 0.01 (7.69; 7.74)

3 months (weeks 1–13): March–June 16.76 0.03 (16.71–16.82)

Note: 95% confidence intervals in (brackets). Monte Carlo simulation with 1000 repetitions. Values in £ per worker. Positive values imply
total productivity gains in good compliance compared with poor compliance.

Table 2 Work productivity effects of good compliance vs. poor compliance

Duration of lockdown Differences of productivity effects Mean effect (£ million) Standard error 95% Confidence interval

1 month

(weeks 1–4):

March–April

1: Morbidity þ non-health (Good–Poor) 29.21 0.07 (29.08–29.34)

2: Mortality loss (Good–Poor) –2.70 0.00 (–2.70–2.69)

3: Total productivity effect (1 – 2) 31.91 0.07 (31.78–32.04)

2 months

(weeks 1–8):

March–May

1: Morbidity þ non-health (Good–Poor) 147.32 0.33 (146.67–147.96)

2: Mortality loss (Good–Poor) �36.24 0.04 (–36.32 to –36.16)

3: Total productivity effect (1–2) 183.56 0.33 (182.90–184.21)

3 months

(weeks 1–13):

March–June

1: Morbidity þ non-health (Good–Poor) 310.05 0.70 (308.68–311.42)

2: Mortality loss (Good–Poor) �88.53 0.10 (–88.73 to –88.33)

3: Total productivity effect (1–2) 398.58 0.71 (397.19–399.97)

Note: 95% confidence intervals in (brackets). Monte Carlo simulation with 1000 repetitions. Positive values in 1 imply higher work prod-
uctivity driven by health and non-heath reasons due to good compliance compared with poor compliance; Negative values in 2 imply
reduced losses in life-long productivity due to mortality comparing good compliance to poor compliance; positive values in 3 imply total
productivity gains in good compliance compared with poor compliance.
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Key points

• We uniquely combine epidemiological prediction with
economic modelling.

• We estimate COVID-19 lockdown compliance-based work
productivity effects in England and Wales.

• Good compliance (compared with poor compliance) to
lockdown regulations shows strong positive economic effects
(£398.58 million) after 3 months, the end of the UK lockdown.

• Most of the effect (75%) is explained by morbidity and non-
health reasons which can be attributed to reduced absenteeism
in good compliance.

• Individual behavioural responses to the COVID-19 pandemic
matter, both for containing the spread of health and the
economy.
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Background: The prevalence of prostate cancer (PC) is increasing worldwide. An association between sunlight
exposure and PC risk has been described by a previously published meta-analysis, although the level of statistical
significance was not reached. We have, therefore, performed an updated systematic review and meta-analysis to
further elucidate this potential connection. Methods: To identify relevant articles, we conducted an in-depth
search of 4 electronic databases (PubMed, Embase, the Web of Science and Scopus) for manuscripts published
prior to March 2021. A random-effects model was used to compute a meta-estimate of the effects of sunlight
exposure on risk of PC. Results: Of the 5680 articles that were initially identified in our search, 12 observational
epidemiological studies encompassing 29 282 cases of PC were selected for inclusion in the qualitative systematic
review. Of these, two case-control studies were excluded from the meta-analysis. Comparing highest-to-lowest
exposure, personal sunlight exposure was significantly associated with a decreased risk of PC [odds ratio (OR) ¼
0.67, 95% CI: 0.57–0.78] in a random-effects meta-analysis; however, high heterogeneity was present (I2 ¼ 85.9%).
Comparing moderate-to-lowest exposure, there was a non-significant relationship between personal sunlight
exposure and the risk of PC (OR ¼ 0.87, 95% CI: 0.68–1.10; I2 ¼ 74.0%). Conclusions: Our findings indicate that
exposure to sunlight may protect against PC. The limitations of our research are occurrence of publication bias
and a substantial heterogeneity due to a diversity of criteria for measuring sunlight exposure.
. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . .

Introduction

Prostate cancer (PC) is the second most common type of carcinoma
in men, exceeded only by lung cancer.1 In 2018, there were more

than 1.27 million cases of PC and more than 360 000 deaths.1

Worldwide, the risk of PC as calculated by the age-standardized rate
(ASR), has increased from 30.5 per 100 000 in 1990–37.9 per 100 000
in 2017.2 The incidence of PC varies greatly by geographical region.
Australia has the highest rate by ASR, with 79.1 cases per 100 000
people, followed by North America with 73.7/100 000 and Europe
with 62.1/100 000. In contrast, the incidence of PC in Africa and
Asia is notably lower, at 11.5 and 26.6 cases per 100 000, respectively.3

Possible risk factors for PC are old age; congenital factors includ-
ing family history and genetic modification; and environmental fac-
tors including obesity, saturated fat intake4 and alcohol
consumption.5 There have been reports that patients with skin can-
cer known to increase due to solar ultraviolet radiation (UVR) ex-
posure have a reduced risk of PC. This has raised the possibility that
sun exposure has a protective effect against PC.6 Reduced PC-related
mortality in high-latitude regions with elevated levels of sunlight
additionally supports the hypothesis that solar UVR may be associ-
ated with a decreased risk of PC.7 However, these ecological studies
are limited in that they cannot accurately measure the actual amount

of sunlight to which an individual has been exposed, and hence,
‘ecological fallacies’ is a limitation of such studies.8

A previously conducted random-effects meta-analysis investigating the
association between sunlight exposure and risk of PC reported that low
exposure to solar UVR was associated with an increased risk of both
overall PC and advanced-stage/fatal PC, although these findings were not
statistically significant [pooled odds ratio (OR): 1.19, 95% CI: 0.98–1.29;
OR: 1.14, 95% CI: 0.98–1.33, respectively].9 However, this meta-analysis
considered both incidence of and mortality from PC. Given that not all
patients with cancer die of the disease,10 it is necessary to distinguish
between the incidence of cancer and cancer-related mortality.

There are multiple mechanisms by which solar radiation may plaus-
ibly protect against PC. The first is through vitamin D, which is synthe-
sized in the skin by sunlight UVB radiation.11 Several in vitro studies
have reported that vitamin D can inhibit proliferation, angiogenesis, and
invasiveness of PC cells as well as enhancing apoptosis.12 However, there
is evidence that the protective effect of sunlight may involve factors apart
from vitamin D. In a meta-analysis including 11 observational studies,
no significant relationship was found between serum 25-hydroxyvitamin
D levels and the risk of PC.13 Melatonin plays a critical role in the
management of circadian rhythms.14 Imbalances in circadian rhythm
control may present an increased risk for prostate neoplasms.15 This
may explain the association between sunlight exposure and the reduced
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