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The coronavirus (COVID-19) outbreak started in December 2019 and rapidly spread
around the world affecting millions of people. With the growth of infection rate,
many countries adopted different policies to control the spread of the disease.
The UK implemented strict rules instructing individuals to stay at home except in
some special circumstances starting from 23 March 2020. Accordingly, this study
focuses on sensitivity analysis of transmissibility of the infection as the effects of
removing restrictions, for example by returning different occupational groups to
their normal working environment and its effect on the reproduction number in the
UK. For this reason, available social contact matrices are adopted for the population
of UK to account for the average number of contacts. Different scenarios are then
considered to analyse the variability of total contacts on the reproduction number
in the UK as a whole and each of its four nations. Our data-driven retrospective
analysis shows that if more than 38.5% of UK working-age population return to their
normal working environment, the reproduction number in the UK is expected to
be higher than 1. However, analysis of each nation, separately, shows that local
reproduction number in each nation may be different and requires more adequate
analysis. Accordingly, we believe that using statistical methods and historical
data can provide good estimation of local transmissibility and reproduction
number in any region. As a consequence of this analysis, efforts to reduce
the restrictions should be implemented locally via different control policies. It is
important that these policies consider the social contacts, population density, and the
occupational groups that are speciﬁc to each region.
Subjects Epidemiology, Infectious Diseases, Statistics, Computational Science
Keywords COVID-19, Coronavirus, Social contact matrix, Reproduction number, Exit strategy,

Sensitivity analysis, Transmissibility, Pandemic

INTRODUCTION
The novel coronavirus disease (COVID-19) outbreak began in December 2019 and
it has spread quickly with 27.7M conﬁrmed cases and more than 889K deaths worldwide as
of 10 September 2020 (WHO, 2020). COVID-19 is a severe acute respiratory syndrome
that can be transmitted by close human-to-human contact via droplets. Consequently,
many countries adopted physical distancing policies in attempt to control the spread of
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this infectious disease by reducing social contacts. These interventions in social contact
behaviour changed the transmission rates and the reproduction number, R, which
describes the spread of the disease (Jarvis et al., 2020; Davies et al., 2020).
The basic reproduction number, R0, is the measure of transmissibility and
contagiousness of the infectious disease. R0 is an epidemiology indicator that is considered
to be a fundamental indicator in the analysis of infectious disease dynamics (Pellis, Ball &
Trapman, 2012; Delamater et al., 2019). If the R0 value is higher than 1, it is expected
that the number of active infections will continue to grow and if it is less than 1, it is
expected that the number of active infections will decline (Diekmann, Heesterbeek &
Metz, 1990). Furthermore, R0 can be used to determine the magnitude of the outbreak
which can in turn inform the extent to which population vaccination will be effective
(Anderson & May, 1985; Delamater et al., 2019).
In the UK, the ﬁrst conﬁrmed case of COVID-19 was reported on 31 January 2020
and since the beginning of the outbreak, there have been more than 358K lab-conﬁrmed
cases reported with 41.6K deaths as of 10 September 2020 (Department of Health, 2020b).
With the rapid growth of the infection and the high value of R0, the UK government
implemented a strict physical distancing policy on 23 March 2020, instructing all
individuals to avoid contact with others except for essential work, buying essential
items, and for one form of exercise a day (Government of the United Kingdom, 2020a).
With this policy the UK government managed to control the spread of the disease.
However, it is vital to investigate what would happen during the ongoing easing of these
restrictions. To this extent, epidemiologists call for the reproduction number to be kept
below 1 while easing the restrictions. One likely scenario to overcome this obstacle is a
‘suppress and lift’ strategy which implies that the governments ease the lock-down
restrictions where possible and re-implement them when the infection rate climbs up
(Kupferschmidt, 2020a).
Moreover, in different reports by UK authorities, COVID-19 related death rates by
occupation, based on Standard Occupational Classiﬁcation (SOC) (Ofﬁce for National
Statistics, 2010), are published, see Fig. 1. These reports indicate that, in the age range
of 20–65, the occupational groups of skilled trades, Elementary, Process, Plant and
Machine operatives have the highest COVID-19 related death rates in the UK. Although,
it is important to mention that, for this study, we were unable to ﬁnd adequate data relating
COVID-19 death rates among unemployed group in Scotland, England and Wales.
Accordingly, in an expert reaction brieﬁng to these data, published by Science Media
Centre (SMC), an expert in Epidemiology and Bio-statistics mentioned that: ‘This updated
report from ONS strengthens the evidence that, for working age people, COVID-19 is
largely an occupational disease’ (Pearce, 2020).
Accordingly, in the current study, we analysed the effect of easing the restrictions by
returning of different occupational groups to their normal work environment on the
reproduction number under a sample of exit strategy scenarios. We used the available
historical data of conﬁrmed inpatients in the UK to develop a data-driven retrospective
analysis on R0. It is worth noting that, according to studies, the mutation of the virus was
milder (Kupferschmidt, 2020b) as of October 2020 and therefore, considering historical
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Figure 1 COVID-19 death rates by occupational groups in the age range of 20–65 (in March, April
and May) in Scotland (National Records of Scotland, 2020), England & Wales (Ofﬁce for National
Statistics, 2020a), and Northern Ireland (NISRA, 2020). Full-size  DOI: 10.7717/peerj.10992/ﬁg-1

data will not result in adequate analysis of death rate or hospital admissions. The proposed
analysis in this study considers the social contact matrices and behaviours to calculate the
basic reproduction number R0, in the UK. The reproduction number is calculated by
applying a sensitivity analysis on the observed daily transmissibility of the infection in the
UK. The analysis has further been applied to local population considering the four UK
nations separately, i.e. England, Wales, Scotland, and Northern Ireland.
The paper is structured as follows: “Social Contacts” and “Reproduction Number”
provide a background to social contact matrices and reproduction number.
“Methodology” represents the methodology. “Results and Discussion” provides the results
of the study and “Conclusion” represents the conclusion of the current study.

SOCIAL CONTACTS
In order to understand the transmission dynamics of an infectious disease, social contacts
can be studied using contact matrices representing social contact patterns of individuals
classiﬁed by age groups.
The BBC Pandemic study presents a UK-wide (rural and urban) contact matrix in
different contact settings, i.e. home, work, school and other. Overall, this study reported
the average contact numbers of about 40.1K participants in 24h from all over the UK
(Klepac, Kissler & Gog, 2018; Kucharski et al., 2020).
However, due to some limitations of the study, further analysis was conducted by
Klepac et al. (2020) and the average number of contacts, in a 5-year age groups, for
weekdays and weekends were presented while considering different contact settings, see
Fig. 2. Figure 2C represents that the maximum average number of contacts occur in the
educational setting in the age group of 15–19.
Furthermore, it is important to take into account the reciprocal nature of social
contacts. This means that the total number of contacts between age group i with age
group j must be equal to the total contact numbers of age group j with age group i
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Figure 2 The BBC Pandemic social contact matrix in different settings of (A) home, (B) work
(C) school and (D) other Klepac et al. (2020).
Full-size  DOI: 10.7717/peerj.10992/ﬁg-2

(Wallinga, Teunis & Kretzschmar, 2006). Considering w as the total number of individuals
in each age group, it is concluded that:
mij wj ¼ mji wi ;

(1)

Each element of the contact matrix, mij, shows the average number of contacts between
the individual of age group i with the individual of the age group j within a unit of
time (Iozzi et al., 2010). Following this, each element of the reciprocal contact matrix, C,
can be computed using Eq. (3) (Klepac et al., 2020):
2
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cij ¼ ðmij þ mji Þ:
2
wj

(2)

(3)

REPRODUCTION NUMBER
Social contact patterns affect epidemiological parameters such as the basic reproduction
number denoted as R0 (Wallinga, Teunis & Kretzschmar, 2006). R0 is an important
measure in predicting the severity of a pandemic and is deﬁned as the average/estimated

Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

4/20

number of secondary infections caused by an individual infection in a susceptible
population (Anderson & May, 1992; Van den Driessche & Watmough, 2008; Tian et al.,
2020). R0 is a dimensionless number which can be calculated as Eq. (4) (Jones, 2007):
R0 ¼ scd;

(4)

where τ is the transmissibility, deﬁned as the probability of infection occurred to a
susceptible individual in contact with the primary infector, c is the average rate of
contacts (contact per time) between susceptible and the infector and d represents the
duration of infectiousness which can be deﬁned as one over the recovery rate, γ. Moreover,
contact rate is proportional to the total number of contacts, T(t), in a population size of N,
over a period of time, t (Rocklöv & Sjödin, 2020):
TðtÞ ¼ ctN;

1

The model is available through an R
software package (EpiEstim2.2) and an
interactive online interface (EpiEstim
App).

(5)

The value of contact rates, transmissibility and consequently R0 changes over time due
to any kind of interventions or control policies. It has been proven that R0 < 1 will lead to a
disease-free system (Ng & Gui, 2020). Tracking the temporal changes of R0 can help in
deﬁning the control measures. Instantaneous reproduction number, Rt, is the time-varying
reproduction number that shows the average/expected number of secondary infections
that might arise from an infection at time t (Cori et al., 2013). To this extent, Thompson
et al. (2019) developed a statistical model, called EpiEstim, to estimate the real-time
value for Rt during the outbreak. This widely used model (Leung et al., 2020; Cowling et al.,
2020) considers the serial interval, deﬁned as the interval between the time primary
infector and the infected show symptoms (Wallinga & Teunis, 2004; White & Pagano,
2008), and its corresponding uncertainty. The statistical model of EpiEstim consists of
two steps. Initially, the model estimates the serial interval distribution by using the
available data on active cases and performs Bayesian parametric estimation on the
distribution by data augmentation Markov Chain Monte Carlo (MCMC) to account for
the uncertainty of the distribution. The MCMC analysis results in a set of possible values
for serial interval distribution which is then used to estimate the Rt value from both the
incidence data and the distribution of the serial interval1 (Thompson et al., 2019).
Accordingly, EpiEstim estimates the mean and 95% conﬁdence interval of the
instantaneous reproduction number. Further, the basic reproduction number can be
calculated using (Gostic et al., 2020):
R0 ¼ Rt =SðtÞ

(6)

where S(t) is the number of susceptible fraction population at time t and is calculated by
removing daily deaths and conﬁrmed cases from the total population in each region.
The average R0 value obtained from Eq. (6) is reported as the reproduction number.

METHODOLOGY
In current study, the daily number of active COVID-19 cases, that is conﬁrmed inpatients
and outpatients, in all the UK (Public Health England, 2020; Public Health Wales, 2020;
Public Health Scotland, 2020; Department of Health, 2020a) are used to estimate the
Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

5/20

instantaneous reproductive number, on a daily basis, using the online EpiEstim App
(Thompson et al., 2019). EpiEstim starts the simulations with considering Rt = 2 and
standard deviation of 2. It is then set to simulate 1,000 iterations for each of the
distribution parameters via MCMC to account for the uncertainties. For this purpose,
multiple published literature are reviewed to deﬁne the serial interval (see “Appendix A”),
and accordingly, the mean and standard deviation of the serial interval is considered to
be 5.9 (95% CI [3.9–9.6]) and 4.8 (95% CI [3.1–10.1]) days, respectively (Wang et al.,
2020a).
It is acknowledged that the use of different interventions such as universal masking and
social distancing measures can effectively reduce the transmissibility of the infection
(Wang et al., 2020b; Lan et al., 2020). However, according to the Science in Emergency
Tasking—COVID (SET-C) report (Mills, Rahal & Akimova, 2020) in June 2020, although
UK has mandated policies on wearing masks in social settings, the practice was not
successfully adopted by the public in general, as the uptake of this policy was around
25% compared to 83.4% in Italy, and 63.8% in Spain. Therefore, in this study, it is assumed
that the observed daily transmissibility of the infection in each region can be a
representative of social behaviour in that region.
Furthermore, the BBC Pandemic contact matrices are used as representative of social
contacts in the UK before the start of the COVID-19 outbreak, assuming a homogeneous
society, i.e. contacts in all parts of the UK and across all job categories are equally
deﬁned by the BBC pandemic social contact matrices. Accordingly, the reciprocal matrices
are calculated using the age stratiﬁed population size of each nation (Ofﬁce for National
Statistics, 2020b). Using the reciprocal contact matrices, total number of contacts are
calculated on a daily basis to estimate daily transmissibility, τt, according to Eq. (5).
In order to consider the effect of the lock-down intervention on transmissibility, the
total number of contacts obtained from contact matrices should be modiﬁed. For this
purpose, with the start of lock-down in the UK on 23 March 2020, contact matrices
were modiﬁed to include only contacts at home and contacts at work for the percentage of
the population who work as health professionals, health and social care associate
professionals and those with caring personal service occupations, given the available
data from the Ofﬁce for National Statistics (2018). Moreover, in order to take into
account the heterogeneity nature of the contacts in different occupations, the CoMix
weekly report data is used (Jarvis et al., 2020). CoMix is a social contact survey initiated in
24 March 2020 to report and analyse the changes in contact patterns of individuals in the
UK. In CoMix 8th report (Gimma et al., 2020), it was reported that the average contact
number of health professionals, nursing and midwifery professionals, and social work
associate professionals is 2.58 times more than the average contact of other professions.
Therefore, in this study the average number of contacts obtained by BBC pandemic dataset
for the associated percentage of health professionals, in the after lock down settings, is
multiplied by 2.58 to account for the increase in their contacts during the pandemic.
Accordingly, the number of contacts in different settings of the BBC contact matrices
(i.e. other, schools, and work) after the implementation of the lock-down intervention are
considered to be zero. The undertaken assumptions would allow the calculation of daily
Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

6/20

observed transmissibility of the infection as the function of conﬁrmed cases and time.
Hence, this can be used to represent the social behaviours in each region.

Exit strategy scenarios
Contact matrices are further modiﬁed considering different scenarios, in order to estimate
the effect of easing the restrictions by different sectors of labour market returning to
normal working environment on reproduction number. The contact matrices are modiﬁed
to account for the percentage of population with certain type of occupation according to
Ofﬁce for National Statistics (2018). Further they are multiplied by a weight obtained
from CoMix survey (Gimma et al., 2020), to account for the increase or decrease in the
average number of contacts in each scenario. For this purpose, the average daily
transmissibility is calculated before and after the lock-down intervention. The average
daily transmissibility and total number of contacts from the modiﬁed matrices under each
scenario are used to estimate the mean value of Rt. According to Eq. (4), R0 is further
evaluated by considering a value for d = 1/γ, where γ is the recovery rate.
It is worth noticing that many studies have considered very low recovery rate for the
UK, for example Khafaie & Rahim (2020) has considered a recovery rate of 1.64% by
23 March 2020 in the UK. However, in the current study, due to the lack of available data
on the recovery rate in UK, the global recovery rate of 53.38% is considered (Gondauri,
Mikautadze & Batiashvili, 2020). Therefore, the R0 values can be estimated using the
average Rt value deﬁned for different scenarios and the global recovery rate of 53.38%.
Seven scenarios are investigated in this study to illustrate the effect of different sectors of
labour market returning to normal working environment on R0 values in the UK. These
scenarios are deﬁned as:
SC1 Only skilled trade, elementary occupations and process, plant and machine operatives
returning to normal working environment.
SC2 Professional occupations, managers and administrative occupations returning to
normal.
SC3 Professional occupations + managers + administrative occupations + skilled trade +
elementary occupations + process, plant and machine operatives returning to normal.
SC4 Schools to be opening again + skilled trade, elementary occupations and process,
plant and machine operatives and Sales and customer services returning to normal
working environment.
SC5 Sales and customer services + leisure and other service occupations returning to
normal. However, in this scenario the BBC pandemic contact matrix corresponding to
‘other’ activities is also considered in estimating the total number of contacts.
SC6 Removing all restrictions with schools remaining closed which account for most of the
population returning to normal work environment except individuals with teaching
and educational occupations.
SC7 Removing all restrictions.
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Table 1 Percentage of working age population returning to normal working environment under exit
scenarios (%) and the associated weight for the average contact numbers (w) considered for each
scenario.
Region

SC1
SC2
SC3
SC4
SC5
SC6
(w = 2.35) (w = 1.30) (w = 3.33) (w = 3.43) (w = 1.08) (w = 1)

SC7
(w = 1)

UK

24.1

100

38.1

62.1

38.5

14.4

96.5

England

23.7

38.6

62.3

37.9

14.2

96.5

100

Wales

27.1

34.3

61.4

42.9

15.8

96.3

100

Scotland

19.7

27.8

47.5

31.5

11.8

97.4

100

Northern Ireland

23.5

31.0

54.5

37.3

13.8

96.7

100

It is worth noticing that in the UK, each of the nations considered different phases of
easing the restrictions at different times, while implementing social distancing measures
and other obligations such as wearing masks. However, calculating the number of contacts
as well as social behaviour and the effect of social distancing measures in different
stages need more detailed investigations. Therefore, in this study, we made the assumption
of keeping the contacts to its minimum during the lock-down phase. Accordingly, our
calculations show increase in the daily transmissibility due to increase in the number of
conﬁrmed COVID-19 inpatients and outpatients. This will eventually affect the R0 value
for each of the considered exit scenarios.
Table 1 shows the percentage of the population, in the working age group of 16–74
returning to their normal working environment and the considered weight for the
variability of the average number of contacts, based on data presented in Gimma et al.
(2020), for each of the considered scenarios. Furthermore, next generation contact
matrices can be, retrospectively, calculated using the estimated R0 value for each of the exit
scenarios considered. Next generation matrix, NGM, represents the spread of infection.
Each element of next generation matrix, NGMij, shows the expected number of infections
in age group i that has been infected by the individual in age group j (Diekmann,
Heesterbeek & Metz, 1990; Diekmann, Heesterbeek & Roberts, 2010). The dominant eigen
value of NGM represents the reproduction number, R0 (Klepac et al., 2020), therefore:
NGM ¼

R0
C;
qðCÞ

(7)

where ρ(C) is the dominant eigen value of the reciprocal contact matrix, C.
Calculation of NGMs will allow to determine the transmission of the infection
between different age groups, while deﬁning the age-speciﬁc risk rate of the infection or
‘force of infection’. This can further be used in the time of introduction of the vaccination
routine (Wallinga, Teunis & Kretzschmar, 2006).

RESULTS AND DISCUSSION
Rt and R0 in the UK
The instantaneous reproduction number is calculated using EpiEstim online application
for the UK and its four nations from 10 February to 7 September 2020. Figure 3 shows the
Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992
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Figure 3 Instantaneous reproduction number in UK. (A) UK, (B) England vs. UK, (C) Wales vs. UK,
(D) Scotland vs. UK, (E) Northern Ireland vs. UK.
Full-size  DOI: 10.7717/peerj.10992/ﬁg-3

estimated Rt in the UK and each of its nations compared to UK. As 84.3% of the population
of UK resides in England, it is clear that the Rt value in the UK and England are very
close. However, the Rt variability in time is slightly different in Scotland and Wales
compared to UK, especially during the early stages of the pandemic. In Northern Ireland,
Rt has been typically less than the UK as only 2.8% of the UK population resides in
Northern Ireland and the population density is lower.
Figure 3 also represents that the Rt value is lower and more steady after the lock-down
intervention was implemented by the UK government on 23 March 2020, also stated by
Thompson et al. (2020); while, in Wales and Scotland, some spikes of increased Rt
values can be seen during the analysis period. Accordingly, the effect of removing the
lock-down intervention is being investigated in this paper using contact matrices.
The expected R0, considering different exit scenarios, are presented in Fig. 4. Considering
SC1, on average about 24% of the UK working age population return to their normal
work environment and the average R0 value remains below 1 in all the nations. SC1 shows
that Northern Ireland may be less sensitive to the increase in the number of contacts
compared to the rest of the other three nations. SC2 considers a higher percentage of
population return to their normal working environment, however the associated weight
considered for the increase in the average number of contacts is less than SC1, therefore the
calculated R0 values are less than SC1 across UK. This suggests that individuals having the
occupations considered in SC1 are more likely to spread the infection throughout their
daily activities, which also accounts for higher death rates, as shown in Fig. 1.
Due to increased number of social contacts in SC3 to SC7, the average R0 value is higher
than 1 in the UK. More detailed values including 95% conﬁdence interval of R0 is
presented in “Appendix B”.
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Figure 4 Expected average R0 after lock-down considering different exit scenarios.
Full-size  DOI: 10.7717/peerj.10992/ﬁg-4

Table 2 Expected modelled and estimated R0 in the UK.
Region

SC4
(5th−95th%)

Actual
Last
estimated updated

Source

UK

1.34 (1.01–1.62)

1.2–1.5

9-Oct-2020

Government of the United Kingdom (2020b)

England

1.40 (0.91–2.51)

1.2–1.5

9-Oct-2020

Government of the United Kingdom (2020b)

Wales

1.50 (0.67–3.34)

1.3–1.6

2-Oct-2020

Governement of Wales (2020)

Scotland

1.38 (0.58–3.08)

1.3–1.7

1-Oct-2020

Government of Scotland (2020)

Northern
Ireland

1.25 (0.79–1.79)

1.5

24-Sept-2020

UK Department of Health (2020a)

As of 10 October 2020, we believe that with the ongoing regulations and policies, the UK
is close to SC4 with schools being open. In SC4, we considered a scenario where schools
reopen whilst, skilled trade, elementary occupations and processes, plant and machine
operatives, as well as sales and customer services return to normal operation modes. In the
UK, with the ease of the ﬁrst national lock-down, schools reopened on 1 June 2020
and have remain open as of 14 Dec 2020. Reopening of the schools account for a
substantial increase in the total number of contacts. Table 2 shows the modelled R0
from this study and the actual estimations published for each of the UK nations. According
to Table 2, the current sensitivity analysis on the transmissibility can be used to as a base to
estimate R0 in the near future.
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Figure 5 Local Instantaneous reproduction number in Northern Ireland and its HSC trust areas.
(A) Northern Ireland, (B) BHSCT vs. Northern Ireland, (C) WHSCT vs. Northern Ireland,
(D) NHSCT vs. Northern Ireland, (E) SHSCT vs. Northern Ireland, (F) SEHSCT vs. Northern Ireland.
Full-size  DOI: 10.7717/peerj.10992/ﬁg-5

Further analysis for Northern Ireland
Although Northern Ireland shows the lowest values for R0 considering different exit
scenarios, in order to show the importance of the implementation of local R0, we further
analysed its value over Northern Ireland’s health trust areas. The healthcare system in
Northern Ireland is divided into 5 Health and Social Care (HSC) trusts, where all the
5 trusts provide an integrated healthcare system throughout the nation that is Belfast HSC
Trust (BHSCT), South Eastern HSC Trust (SEHSCT), Western HSC Trust (WHSCT),
Southern HSC Trust (SHSCT), and Northern HSC Trust (NHSCT). The same retrospective
data-driven analysis is used to estimate the local R0 value for each of the trust areas.
Figure 5 shows that the local Rt in WHSCT, NHSCT, SHSCT and SEHSCT is mostly
higher than Northern Ireland as a whole. This ﬁgure also shows that in the ﬁnal days of the
analysis (1 July–7 September 2020) there is an increase in the Rt value in SHSCT and
WHSCT due to increase in human-to-human contacts as UK entered step 3 of further
easing restrictions on 4 July 2020 (Institute for Government, 2020).
Accordingly, our analysis shows that due to transmissibility of the infection and the
working age population size, the R0 values in WHSCT is higher than other HSC trusts in
Northern Ireland with R0 = 1.04 for SC1, although Northern Ireland’s R0 value remains
below 1 in this scenario, see Fig. 6. SC2, however, suggests R0 values of lower than 1 in
all the trusts, with WHSCT having R0 = 0.94, which shows a higher sensitivity to changes
in contact numbers compared to other trusts.
SC3 to SC7 represent R0 of higher than 1 in all the regions, suggesting the spread of the
disease again with easing restrictions, if social behaviours remain the same and no further
social distancing policies are considered.
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Figure 6 Local average R0 after lock-down in Northern Ireland, considering different exit scenarios
9/15.
Full-size  DOI: 10.7717/peerj.10992/ﬁg-6

Moreover, our results show that WHSCT is more sensitive to the number of contacts
than other regions in Northern Ireland. According to Devlin, McKay & Russel (2018),
WHSCT covers more deprived areas of Northern Ireland, and it is well understood that the
low-to-middle income areas require more data collection, investigation, and analysis for
adequate policy making (Thompson et al., 2020). This is also in agreement with the
semi-monthly/monthly reports on the reproduction number published by Department of
Health in Northern Ireland (UK Department of Health, 2020b).
The sensitivity analysis on transmissibility of infection at local and national levels using
historical observed data can produce insights into the prediction of the reproduction
number in the near future. This analysis requires limited data, thus enhancing
reproducibility. However, assumptions such as considering a weight for average number of
contacts in for different occupations can increase the uncertainty of the analysis.
Therefore, by considering a more suitable contact matrices, especially at locals level, these
uncertainties can be addressed.
Next generation matrix is also calculated using the R0 values for each scenario. Here
we only present the NGM results considering the exit scenarios of SC2 and SC7 to
illustrate the expected number of new infections by age in the UK, Northern Ireland and
WHSCT in Northern Ireland. Figure 7 shows that as the total number of contacts is more
in SC7, it is expected that the number of new infections would be higher in all age
groups compared to SC2. Also, these ﬁgures show that the age-speciﬁed expected number
of new infections in Northern Ireland is less than UK, however, the results from
considering local R0 for WHSCT shows higher number of new cases in this area.
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Figure 7 Next generation contact matrices according to SC2 ans SC7 in (A) UK, (B) Northern Ireland and (C) WHSCT.
Full-size  DOI: 10.7717/peerj.10992/ﬁg-7

CONCLUSION
In this study, we performed a sensitivity analysis on transmissibility of COVID-19
infection by considering the effect of returning individuals in different occupations back to
the work environment on R0 in the UK and its four nations. The data-driven analysis
presented in this study does not model the social distancing measures, it is mainly based on
manipulation of number of contacts before COVID-19 started. To this extent, BBC
pandemic social contact matrices were adopted to represent average number of contacts in
different age groups in the UK. Moreover, R0 values for each of the considered exit
scenarios are calculated considering historical transmissibility of the infection in each
region, assuming that historical transmissibility of the infection is a representative of the
social behaviour in the region.
Our analysis showed that if schools remain open, and furthermore individuals with
skilled trade, elementary, process plant, machine operative occupations, sales and
costumer services, which account for 38.5% of UK working-age population, return to
their normal work environment (SC4) the R0 value is expected to exceed 1. Therefore,
it is assumed that each primary infection can cause more than 1 secondary infection.
This implies that the infection growth increases and the outbreak will continue to grow.
Although, analysing the social contact data adapted to Northern Ireland shows the
lowest value of R0 among the UK nations under all the deﬁned exit scenarios, our study
showed that the local R0 values of Northern Ireland’s HSC trusts represent higher
infectious transmissibility in some areas, which may consequently increase the
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Table 3 Review of published literature on Serial Interval (SI).
Reference

Location

Chains

SI Mean (days)

SI SD (days)

Wang et al. (2020a)

Shenzhen, China

27

5.9 95% CI [3.9–9.6]

4.8 95% CI [3.1–10.1]

Nishiura, Linton & Akhmetzhanov (2020)

N/A

28

4.7 95% CI [3.7–6.0]

2.9 95% CI: [1.9–4.9]

Aghaali et al. (2020)

Qom, Iran

51

4.55 95% CI [4.27–7.5]

3.30 95% CI [2–4]

You et al. (2020)

Hubei, China

198

4.6

5.55

Wu et al. (2020)

Wuhan, China

43

7.0 (5.8–8.1)

4.5 (3.5–5.5)

Du et al. (2020)

China

468

3.96 95% CI [3.53–4.39]

4.75 days 95% CI [4.46–5.07]

Najaﬁ et al. (2020)

Iran

21

5.71

3.89

Bi et al. (2020)

Shenzhen, China

1,286

6.3 95% CI [5.2–7.6]

4.2 95% CI [3.1–5.3]

Chintalapudi et al. (2020)

Lombardy, Italy

N/A

6.6

3.1

transmissibility across Northern Ireland and may affect the social and health care system
as well.
Our study suggests that by relying on the historical data and statistics, the local
transmissibility and consequently an estimate of the R0 value can be easily calculated in any
region. This knowledge can help in implementing local adaptive control policies in ﬁghting
against the growth of COVID-19.

APPENDIX A
COVID-19 serial interval
An important key transmission parameter is the serial interval (SI), deﬁned as the time
interval between the symptom onset of the infector and infectee. The distribution of serial
interval is estimated during the outbreak using the minimum and maximum bands of the
symptom onset timing for the primary and secondary cases. This data should be collected
during the outbreak by tracking chains of transmission. In any case, there are always
uncertainties in the reported timings, specially due to the lack of knowledge in recognising
the initial symptom onsets. Therefore, it is essential to consider the uncertainties associated
with serial interval (Thompson et al., 2019).
In this study, a review of published literature on serial interval distribution (mean
and Standard deviation, SD) is presented. Table 3 represents the uncertainty in estimating
the serial interval associated with COVID-19. Therefore in this study, the serial interval
with the largest conﬁdence interval (CI) is chosen; i.e. SI with mean and SD of 5.9 (95% CI
[3.9–9.6]) and 4.8 (95% CI [3.1–10.1]) days, respectively (Wang et al., 2020a). In order to
estimate the instantaneous reproduction number Rt, the EpiEstim online application was
set to run 1,000 iterations for each parameter of the distribution via MCMC (Thompson
et al., 2019) to account for the uncertainties of SI.

APPENDIX B
R0 estimation and its confidence interval in the UK
R0 values are calculated considering the 95% conﬁdence interval of instantaneous
reproduction numbers, Rt, obtained from MCMC simulation of EpiEstim. Tables 4 and 5
Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

14/20

Table 4 Expected average R0 (5th–95th percentile) after lock-down considering different exit
scenarios (SC1, SC2, SC3, SC4).
Region

SC1

SC2

SC3

SC4

UK

0.91 (0.68–1.23)

0.86 (0.68–1.17)

1.82 (1.38–2.48)

1.34 (1.01–1.62)

England

0.95 (0.61–1.70)

0.91 (0.59–1.64)

1.92 (1.25–3.45)

1.40 (0.91–2.51)

Wales

0.99 (0.45–2.25)

0.88 (0.39–1.97)

1.91 (0.86–4.27)

1.50 (0.67–3.34)

Scotland

0.95 (0.40–2.11)

0.88 (0.37–1.96)

1.71 (0.72–3.81)

1.38 (0.58–3.08)

Northern Ireland

0.85 (0.53–1.21)

0.76 (0.48–1.09)

1.58 (1.00–2.26)

1.25 (0.79–1.79)

Table 5 Expected average R0 (5th–95th percentile) after lock-down considering different exit
scenarios (SC5, SC6, SC7).
Region

SC5

SC6

SC7

UK

1.51 (1.14–2.06)

1.97 (1.49–2.68)

2.36 (1.79–3.22)

England

1.59 (1.03–2.85)

2.07 (1.34–3.72)

2.48 (1.61–4.47)

Wales

1.62 (0.73–3.62)

2.09 (0.94–4.68)

2.51 (1.13–5.61)

Scotland

1.68 (0.71–3.74)

2.21 (0.93–4.93)

2.66 (1.12–5.92)

Northern Ireland

1.43 (0.90–2.04)

1.86 (1.18–2.66)

2.24 (1.42–3.19)

present the estimated R0 values for the UK, considering the 7 exit scenarios introduced in
“Exit strategy scenarios”.

ADDITIONAL INFORMATION AND DECLARATIONS
Funding
The authors received no funding for this work.

Competing Interests
Kok Yew Ng is an Academic Editor for PeerJ.

Author Contributions
 Pardis Biglarbeigi conceived and designed the experiments, performed the experiments,
analysed the data, prepared ﬁgures and/or tables, authored or reviewed drafts of the
paper, and approved the ﬁnal draft.
 Kok Yew Ng analysed the data, authored or reviewed drafts of the paper, and approved
the ﬁnal draft.
 Dewar Finlay analysed the data, authored or reviewed drafts of the paper, and approved
the ﬁnal draft.
 Raymond Bond analysed the data, authored or reviewed drafts of the paper, and
approved the ﬁnal draft.
 Min Jing analysed the data, authored or reviewed drafts of the paper, and approved the
ﬁnal draft.
 James McLaughlin analysed the data, authored or reviewed drafts of the paper, and
approved the ﬁnal draft.
Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

15/20

Data Availability
The following information was supplied regarding data availability:
Raw data and code are available in the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.10992#supplemental-information.

REFERENCES
Aghaali M, Kolifarhood G, Nikbakht R, Mozafar Saadati H, Hashemi Nazari SS. 2020.
Estimation of the serial interval and basic reproduction number of COVID-19 in Qom, Iran, and
three other countries: a data-driven analysis in the early phase of the outbreak. Transboundary
and Emerging Diseases 67(6):2860–2868 DOI 10.1111/tbed.13656.
Anderson RM, May RM. 1985. Vaccination and herd immunity to infectious diseases. Nature
318(6044):323–329 DOI 10.1038/318323a0.
Anderson RM, May RM. 1992. Infectious diseases of humans: dynamics and control. Oxford:
Oxford University Press.
Bi Q, Wu Y, Mei S, Ye C, Zou X, Zhang Z, Liu X, Wei L, Truelove SA, Zhang T, Gao W,
Cheng C, Tang X, Wu X, Wu Y, Sun B, Huang S, Sun Y, Zhang J, Ma T, Lessler J, Feng T.
2020. Epidemiology and transmission of COVID-19 in 391 cases and 1286 of their close contacts
in Shenzhen, China: a retrospective cohort study. Lancet Infectious Diseases 20(8):911–919.
Chintalapudi N, Battineni G, Sagaro GG, Amenta F. 2020. COVID-19 outbreak reproduction
number estimations and forecasting in Marche, Italy. International Journal of Infectious Diseases
96(16):327–333 DOI 10.1016/j.ijid.2020.05.029.
Cori A, Ferguson NM, Fraser C, Cauchemez S. 2013. A new framework and software to estimate
time-varying reproduction numbers during epidemics. American Journal of Epidemiology
178(9):1505–1512 DOI 10.1093/aje/kwt133.
Cowling BJ, Ali ST, Ng TW, Tsang TK, Li JC, Fong MW, Liao Q, Kwan MY, Lee SL, Chiu SS,
Wu JT, Wu P, Leung GM. 2020. Impact assessment of non-pharmaceutical interventions
against Coronavirus disease 2019 and inﬂuenza in Hong Kong: an observational study.
Lancet Public Health 5(5):E279–E288.
Davies NG, Kucharski AJ, Eggo RM, Gimma A, Edmunds WJ, Jombart T, O’Reilly K, Endo A,
Hellewell J, Nightingale ES, Quilty BJ, Jarvis CI, Russell TW, Klepac P, Bosse NI, Funk S,
Abbott S, Medley GF, Gibbs H, Pearson CAB, Flasche S, Jit M, Clifford S, Prem K,
Diamond C, Emery J, Deol AK, Procter SR, Zandvoort K, Sun YF, Munday JD, Rosello A,
Auzenbergs M, Knight G, Houben RMGJ, Liu Y. 2020. Effects of non-pharmaceutical
interventions on COVID-19 cases, deaths, and demand for hospital services in the UK: a
modelling study. Lancet Public Health 5(7):E375–E385.
Delamater PL, Street EJ, Leslie TF, Yang YT, Jacobsen KH. 2019. Complexity of the basic
reproduction number (R0). Emerging Infectious Diseases 25(1):1–4
DOI 10.3201/eid2501.171901.
Department of Health. 2020a. Coronavirus (COVID-19) daily dashboard. Available at
https://www.nisra.gov.uk/statistics/ni-summary-statistics/coronavirus-covid-19-statistics
(accessed 28 June 2020).

Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

16/20

Department of Health. 2020b. Coronavirus (COVID-19) in the UK. Available at
https://coronavirus.data.gov.uk/?_ga=2.42380581.1000997213.1592471979-7270917.1585901662
(accessed 18 June 2020).
Devlin A, McKay K, Russel R. 2018. Multiple deprivation in Northern Ireland. Research and
Information Service Research Paper. Available at http://www.niassembly.gov.uk/globalassets/
documents/raise/publications/2017-2022/2018/0118.pdf.
Diekmann O, Heesterbeek J, Roberts MG. 2010. The construction of next-generation matrices for
compartmental epidemic models. Journal of the Royal Society Interface 7(47):873–885
DOI 10.1098/rsif.2009.0386.
Diekmann O, Heesterbeek JAP, Metz JA. 1990. On the deﬁnition and the computation of the
basic reproduction ratio R0 in models for infectious diseases in heterogeneous populations.
Journal of Mathematical Biology 28(4):365–382 DOI 10.1007/BF00178324.
Du Z, Xu X, Wu Y, Wang L, Cowling BJ, Meyers LA. 2020. Serial interval of COVID-19 among
publicly reported conﬁrmed cases. Emerging Infectious Diseases 26(6):1341–1343
DOI 10.3201/eid2606.200357.
Gimma A, Jarvis C, Van Zandvoort K, Klepac P, Edmunds J. 2020. The effect of social distancing
on the reproduction number and number of contacts in the UK from a social contact survey,
report 8. Centre for Mathematical Modelling of Infectious Diseases respiratory. Available at
https://cmmid.github.io/topics/covid19/comix-reports.html.
Gondauri D, Mikautadze E, Batiashvili M. 2020. Research on COVID-19 virus spreading
statistics based on the examples of the cases from different countries. Electronic Journal of
General Medicine 17(4):em209 DOI 10.29333/ejgm/7869.
Gostic KM, McGough L, Baskerville EB, Abbott S, Joshi K, Tedijanto C, Kahn R, Niehus R,
Hay JA, De Salazar PM, Hellewell J, Meakin S, Munday JD, Bosse NI, Sherrat K,
Thompson RN, White LF, Huisman JS, Scire J, Bonhoeffer S, Stadler T, Wallinga J, Funk S,
Lipsitch M, Cobey S. 2020. Practical considerations for measuring the effective reproductive
number, r t. PLOS Computational Biology 16(12):e1008409 DOI 10.1371/journal.pcbi.1008409.
Government of Scotland. 2020. Coronavirus (COVID-19): modelling the epidemic (issue no. 20).
Available at https://www.gov.scot/publications/coronavirus-covid-19-modelling-epidemic-issueno-20/ (accessed 12 October 2020).
Government of the United Kingdom. 2020a. PM address to the nation on Coronavirus: 23 March
2020. Available at https://www.gov.uk/government/speeches/pm-address-to-the-nation-oncoronavirus-23-march-2020 (accessed 24 June 2020).
Government of the United Kingdom. 2020b. The r number and growth rate in the UK. Available
at https://www.gov.uk/guidance/the-r-number-in-the-uk#::text=The%20R%20number%20range
%20for,as%20of%2021%20August%202020.text=The%20R%20number%20range%20for,as%20of
%2014%20August%202020 (accessed 12 October 2020).
Governement of Wales. 2020. Technical advisory cell: summary of advice 2 october 2020.
Available at https://gov.wales/technical-advisory-cell-summary-advice-2-october-2020 (accessed
12 October 2020).
Institute for Government. 2020. Boris Johnson’s plan to ease the Coronavirus lockdown. Available
at https://www.instituteforgovernment.org.uk/explainers/boris-johnson-plan-ease-coronaviruslockdown (accessed 28 October 2020).
Iozzi F, Trusiano F, Chinazzi M, Billari FC, Zagheni E, Merler S, Ajelli M, Del Fava E,
Manfredi P. 2010. Little Italy: an agent-based approach to the estimation of contact
patterns-ﬁtting predicted matrices to serological data. PLOS Computational Biology
6(12):e1001021 DOI 10.1371/journal.pcbi.1001021.

Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

17/20

Jarvis CI, Van Zandvoort K, Gimma A, Prem K, Klepac P, Rubin GJ, Edmunds WJ. 2020.
Quantifying the impact of physical distance measures on the transmission of COVID-19 in the
UK. BMC Medicine 18(1):1–10 DOI 10.1186/s12916-020-01597-8.
Jones JH. 2007. Notes on R0. Califonia: Department of Anthropological Sciences, 323.
Khafaie MA, Rahim F. 2020. Cross-country comparison of case fatality rates of COVID-19/
SARS-COV-2. Osong Public Health and Research Perspectives 11(2):74–80
DOI 10.24171/j.phrp.2020.11.2.03.
Klepac P, Kissler S, Gog J. 2018. Contagion! the BBC four pandemic—the model behind the
documentary. Epidemics 24:49–59 DOI 10.1016/j.epidem.2018.03.003.
Klepac P, Kucharski AJ, Conlan AJ, Kissler S, Tang M, Fry H, Gog JR. 2020. Contacts in context:
large-scale setting-speciﬁc social mixing matrices from the BBC pandemic project. MedRxiv
DOI 10.1101/2020.02.16.20023754.
Kucharski A, Klepac P, Conlan A, Kissler S, Tang M, Fry H, Gog J, Edmunds J, CMMID
COVID-19 Working Group. 2020. Effectiveness of isolation, testing, contact tracing, and
physical distancing on reducing transmission of SARS-CoV-2 in different settings: a
mathematical modelling study. Lancet Infectious Diseases 20(10):30457–6.
Kupferschmidt K. 2020a. The lockdowns worked but what comes next? Science
368(6488):218–219 DOI 10.1126/science.368.6488.218.
Kupferschmidt K. 2020b. The pandemic virus is slowly mutating. But is it getting more dangerous?
Science. Available at https://www.sciencemag.org/news/2020/07/pandemic-virus-slowlymutating-it-getting-more-dangerous.
Lan F-Y, Christophi CA, Buley J, Iliaki E, Bruno-Murtha LA, Sayah AJ, Kales SN. 2020. Effects
of universal masking on Massachusetts healthcare workers’ covid-19 incidence. Occupational
Medicine 70(8):606–609 DOI 10.1093/occmed/kqaa179.
Leung K, Wu JT, Liu D, Leung GM. 2020. First-wave COVID-19 transmissibility and severity in
China outside Hubei after control measures, and second-wave scenario planning: a modelling
impact assessment. The Lancet 395(10233):1382–1393 DOI 10.1016/S0140-6736(20)30746-7.
Mills M, Rahal C, Akimova E. 2020. Face masks and coverings for the general public: behavioural
knowledge, effectiveness of cloth coverings and public messaging. London: The Royal Society &
The British Academy.
Najaﬁ F, Izadi N, Hashemi-Nazari S-S, Khosravi-Shadmani F, Nikbakht R, Shakiba E. 2020.
Serial interval and time-varying reproduction number estimation for COVID-19 in West of
Iran. New Microbes and New Infections 36:100715 DOI 10.1016/j.nmni.2020.100715.
National Records of Scotland. 2020. Deaths involving coronavirus (COVID-19) in Scotland.
Available at https://www.nrscotland.gov.uk/statistics-and-data/statistics/statistics-by-theme/
vital-events/general-publications/weekly-and-monthly-data-on-births-and-deaths/deathsinvolving-coronavirus-covid-19-in-scotland (accessed 29 June 2020).
Ng KY, Gui MM. 2020. COVID-19: development of a robust mathematical model and simulation
package with consideration for ageing population and time delay for control action and
resusceptibility. Physica D: Nonlinear Phenomena 411:132599.
Nishiura H, Linton NM, Akhmetzhanov AR. 2020. Serial interval of novel Coronavirus
(COVID-19) infections. International Journal of Infectious Diseases 93(16):284–286
DOI 10.1016/j.ijid.2020.02.060.
NISRA. 2020. COVID-19 related deaths in Northern Ireland deaths occurring during March to
May 2020. 17-June-2020 Statistical Bulletin. Available at https://www.nisra.gov.uk/publications/
monthly-deaths.

Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

18/20

Ofﬁce for National Statistics. 2010. Standard occupational classiﬁcation 2010: Volume 1: structure
and descriptions of unit groups. London: Palgrave Macmillan.
Ofﬁce for National Statistics. 2018. National records of Scotland; Northern Ireland statistics and
research agency; UK data service. Available at https://www.statistics.digitalresources.jisc.ac.uk/
dataset/age-economic-activity-occupation-2011 (accessed 10 October 2020).
Ofﬁce for National Statistics. 2020a. Coronavirus (COVID-19) related deaths by occupation,
England and Wales: deaths registered between 9 March and 25 May 2020. Available at
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/causesofdeath/
bulletins/coronaviruscovid19relateddeathsbyoccupationenglandandwales/
deathsregisteredbetween9marchand25may2020 (accessed 29 June 2020).
Ofﬁce for National Statistics. 2020b. Estimates of the population for the UK, England and Wales,
Scotland and Northern Ireland. Available at https://www.ons.gov.uk/peoplepopulation
andcommunity/populationandmigration/populationestimates/datasets/populationestimates
forukenglandandwalesscotlandandnorthernireland (accessed 28 October 2020).
Pearce N. 2020. Expert reaction to ONS data from England and Wales looking at COVID-19
related deaths by occupation. Science Media Centre. Available at https://www.
sciencemediacentre.org/expert-reaction-to-ons-data-from-england-and-wales-looking-at-covid19-related-deaths-by-occupation/.
Pellis L, Ball F, Trapman P. 2012. Reproduction numbers for epidemic models with households
and other social structures. i. deﬁnition and calculation of R0. Mathematical Miosciences
235(1):85–97 DOI 10.1016/j.mbs.2011.10.009.
Public Health England. 2020. Coronavirus (COVID-19) cases in the UK. Available at
https://coronavirus.data.gov.uk/?_ga=2.223627608.2103278832.1593429144-7270917.
1585901662 (accessed 28 October 2020).
Public Health Scotland. 2020. Coronavirus (COVID-19): daily data for Scotland. Available at
https://www.gov.scot/publications/coronavirus-covid-19-daily-data-for-scotland/ (accessed
28 October 2020).
Public Health Wales. 2020. Coronavirus (COVID-19) data dashboard. Available at https://phw.
nhs.wales/topics/latest-information-on-novel-coronavirus-covid-19/ (accessed 28 October 2020).
Rocklöv J, Sjödin H. 2020. High population densities catalyse the spread of COVID-19. Journal of
Travel Medicine 27(3):taaa038 DOI 10.1093/jtm/taaa038.
Thompson R, Stockwin J, Van Gaalen RD, Polonsky J, Kamvar Z, Demarsh P, Dahlqwist E,
Li S, Miguel E, Jombart T, Lessler J, Cauchemez S, Cori A. 2019. Improved inference of
time-varying reproduction numbers during infectious disease outbreaks. Epidemics 29:100356
DOI 10.1016/j.epidem.2019.100356.
Thompson RN, Hollingsworth TD, Isham V, Arribas-Bel D, Ashby B, Britton T, Challenor P,
Chappell LH, Clapham H, Cunniffe NJ, Dawid AP, Donnelly CA, Eggo RM, Funk S,
Gilbert N, Glendinning P, Gog JR, Hart WS, Heesterbeek H, House T, Keeling M, Liss IZ,
Kretzschmar ME, Lloyd AL, McBryde ES, McCaw JM, McKinley TJ, Miller JC, Morris M,
O‘Neill PD, Parag KV, Pearson CA, Pellis L, Pulliam JR, Ross JV, Tomba GS, Silverman BW,
Struchiner CJ, Tildesley MJ, Trapman P, Webb CR, Mollison D, Restif O. 2020.
Key questions for modelling COVID-19 exit strategies. Proceedings of the Royal Society B
287(1932):20201405 DOI 10.1098/rspb.2020.1405.
Tian H, Liu Y, Li Y, Wu C-H, Chen B, Kraemer MU, Li B, Cai J, Xu B, Yang Q, Wang B, Yang P,
Cui Y, Song Y, Zheng P, Wang Q, Bjornstad ON, Yang R, Grenfell BT, Pybus OG, Dye C.
2020. An investigation of transmission control measures during the ﬁrst 50 days of the
COVID-19 epidemic in China. Science 368(6491):638–642 DOI 10.1126/science.abb6105.

Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

19/20

UK Department of Health. 2020a. Current r number estimate. Available at https://www.health-ni.
gov.uk/news/current-r-number-estimate-3 (accessed 12 October 2020).
UK Department of Health. 2020b. Modelling the COVID-19 epidemic and the reproduction
number–R. Available at https://www.health-ni.gov.uk/R-Number (accessed 12 December 2020).
Van den Driessche P, Watmough J. 2008. Further notes on the basic reproduction number.
In: Brauer F, Van den Driessche P, Wu J, eds. Mathematical Epidemiology. Berlin: Springer,
159–178.
Wallinga J, Teunis P. 2004. Different epidemic curves for severe acute respiratory syndrome reveal
similar impacts of control measures. American Journal of Epidemiology 160(6):509–516
DOI 10.1093/aje/kwh255.
Wallinga J, Teunis P, Kretzschmar M. 2006. Using data on social contacts to estimate age-speciﬁc
transmission parameters for respiratory-spread infectious agents. American Journal of
Epidemiology 164(10):936–944 DOI 10.1093/aje/kwj317.
Wang K, Zhao S, Liao Y, Zhao T, Wang X, Zhang X, Jiao H, Li H, Yin Y, Wang MH, Xiao L,
Wang L, He D. 2020a. Estimating the serial interval of the novel Coronavirus disease
(COVID-19) based on the public surveillance data in Shenzhen, China from January 19 to
February 22, 2020. Transboundary and Emerging Diseases 67(6):2818–2822
DOI 10.1111/tbed.13647.
Wang X, Ferro EG, Zhou G, Hashimoto D, Bhatt DL. 2020b. Association between universal
masking in a health care system and sars-cov-2 positivity among health care workers. JAMA
324(7):703–704 DOI 10.1001/jama.2020.12897.
White LF, Pagano M. 2008. Transmissibility of the inﬂuenza virus in the 1918 pandemic.
PLOS ONE 3(1):e1498 DOI 10.1371/journal.pone.0001498.
WHO. 2020. Coronavirus disease (COVID-19) pandemic. Available at https://www.who.int/
emergencies/diseases/novel-coronavirus-2019 (accessed 18 June 2020).
Wu JT, Leung K, Bushman M, Kishore N, Niehus R, De Salazar PM, Cowling BJ, Lipsitch M,
Leung GM. 2020. Estimating clinical severity of COVID-19 from the transmission dynamics in
Wuhan, China. Nature Medicine 26(4):506–510 DOI 10.1038/s41591-020-0822-7.
You C, Deng Y, Hu W, Sun J, Lin Q, Zhou F, Pang CH, Zhang Y, Chen Z, Zhou X-H. 2020.
Estimation of the time-varying reproduction number of COVID-19 outbreak in China.
International Journal of Hygiene and Environmental Health 228:113555.

Biglarbeigi et al. (2021), PeerJ, DOI 10.7717/peerj.10992

20/20

